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Abstract
Granular activated carbon (AC) and biochar (BC) are two carbon-based adsorbents commonly
used for water and wastewater treatment. However, these adsorbents have drawbacks that suppress
their aqueous contaminants removal efficiency. Their major disadvantages are that AC has low
selectivity and reusability potential, and BC has a hydrophobic nature.
The scope of this dissertation is to enhance the performance of commonly-used carbon-based
adsorbents for the removal of organic and inorganic water contaminants and to understand the
interactive mechanism of contaminants’ ions/molecules with adsorbents. Hexavalent chromium
(Cr(VI)) and trichloroethylene (TCE) are two types of inorganic and organic water contaminants,
respectively, which are introduced to receiving waters mainly by anthropogenic activities. Both
Cr(VI) and TCE have been categorized as primary water contaminants by the United States
Environmental Protection Agency (US EPA).
In this work, AC and BC were modified, and their modification conditions were optimized.
Activated carbon was modified through two different approaches. The first approach was coating
granular activated carbon with polysulfide rubber, and the second approach was impregnating
activated carbon with zero-valent iron nanoparticles. Modified and unmodified ACs were then
compared for aqueous Cr(VI) removal efficiency. Biochar was also modified through two
procedures. The first BC modification procedure is heat treatment aiming to make it hydrophilic,
and the second approach is impregnating biochar with zero-valent iron nanoparticles. In the case
of biochar modification, two modification procedures are finally combined to take advantage of
the benefits of both. Modified and unmodified biochars were compared for the removal of pnitrosodymethylanilin and TCE removal from aqueous phase. Adsorbents, before and after
modification, were well characterized using various materials analysis techniques for surface
iii

morphology, surface chemistry, elemental composition, pore structure, surface charge, etc.
Enhanced performances of the modified adsorbents were demonstrated by comparing
contaminants’ adsorption capacity and removal rate. Kinetics studies were performed to
investigate mechanisms and rates of the aqueous contaminant removal.
Results of this study would benefit water treatment engineers and materials scientists to gain a
better understanding of adsorbents’ drawbacks, correlate these characteristics to adsorbents’
physical and chemical properties, and purposefully modify them for adsorbents’ specific
applications. This study helps to design highly-efficient materials by employing practical
modification procedures on conventional adsorbents.
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Chapter 1
Introduction

1. Research Summary
Water contaminants can be generally classified into two groups: organics and inorganics.
Organic compounds always contain carbon element. This group of water contaminants, such as
solvents and pesticides, can be introduced to receiving waters through cropland runoffs or factory
discharges. United States Environmental Protection Agency (US EPA) has set legal limits on 56
organic contaminants in water. Inorganic contaminants, on the other hand, are mineral-based
compounds, such as metals and nitrates, which can be introduced into waters through farming,
chemical manufacturing, and other human activities. There are 15 inorganic water contaminants
that have been regulated by US EPA.
This research introduces methods to enhance the performance of conventional carbon-based
adsorbents for the removal of organic and inorganic water contaminants. In addition, this research
identifies drawbacks of adsorbents suppressing their efficiency for the removal of target
contaminants and investigates the interactive mechanism of contaminants’ ions/molecules with
adsorbents.
Granular activated carbon (AC) and biochar (BC), which are carbon-based adsorbents with
different surface characteristics and pore structures, were selected for further modification.
Hexavalent chromium (Cr(VI)) and trichloroethylene (TCE) were selected as inorganic and
organic water contaminants, respectively, both of which are categorized as primary water
contaminants by the United States Environmental Protection Agency (US EPA).

1

The selected adsorbents are modified, and their modification conditions are optimized. This
goal is achieved by changing the synthesis conditions of the modified adsorbents, for example
heating temperature, sonication energy, and the dosage of modifier applied to each of the
adsorbents. Effects of varying synthesis conditions on the surface characteristics (e.g., surface
morphology, surface elemental composition) and chemical properties (e.g., the oxidation states of
the elements, functional groups) of the modified adsorbents and their removal capacity are
investigated.
In this work, activated carbon is modified through two different approaches. Modified
activated carbons are subsequently applied for the removal of Cr(VI) from the aqueous phase. The
first approach is coating the activated carbon with polysulfide rubber, which is a thiol-containing
polymer capable of reducing Cr(VI) to Cr(III). The second modification approach is impregnating
activated carbon with zero-valent iron nanoparticles (nZVI), which are highly reactive species with
high reductive potential.
Biochar is also modified through two procedures and is applied for the removal of aqueous
TCE. The first modification procedure is a heat treatment process aiming to make the surface of
the biochar hydrophilic. The second approach is the impregnation of biochar with nZVI. In the
case of biochar modification, two modification procedures are finally combined to take advantage
of the benefits of both.
Ultimately, this work provides two modification procedures for each activated carbon and
biochar to boost their performance for the removal of Cr(VI) and TCE, respectively. Enhanced
performance of the modified adsorbents is demonstrated by comparing contaminant’s adsorption
capacity and removal rate of the modified and unmodified adsorbents. Materials characterizations
along with kinetic studies help to understand the interactive mechanism of the target contaminants
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with adsorbents. Results of this study would benefit water treatment engineers and materials
scientists to gain a better understanding of adsorbents’ drawbacks and correlate them to
adsorbents’ physical and chemical properties. This study would also help to design highly-efficient
materials by employing practical modification procedures on conventional adsorbents.
2. Background and Motivation
2.1. Removal of Cr(VI) as an inorganic water contaminant
Heavy metals, which generally are distinguished as having densities higher than 5 g/cm3 [1],
often are considered to be among the most hazardous aqueous contaminants due to their high
toxicity and implications regarding long-term public health [2,3].
Chromium is a heavy metal that generally exists in the environment in trivalent (Cr(III) or
Cr3+) or hexavalent (Cr(VI) or Cr6+) oxidation states. Because trivalent chromium is waterinsoluble and has a weak cellular membrane penetration, this oxidation state is not a significant
concern for public health [4]. On the other hand, hexavalent chromium is soluble in water, mobile,
and easily penetrates cell membranes. Moreover, hexavalent chromium is considered to be a toxic
and carcinogenic water contaminant [5–7] that causes a wide range of health issues, including liver
damage, pulmonary congestion, skin irritation, and diarrhea [8,9]. Human exposure to chromium
generally stems from contamination of water bodies by industrial wastewater discharges, including
electroplating, leather tanning, cooling, and steel industries [10]. Several studies have reported
elevated levels of chromium in rivers and groundwater aquifers. For example, at two nuclear sites
in the United States, Hanford Site in the state of Washington and Savannah River Site in Georgia,
the chromium concentration varies from 20-30,000 μg/L in water [11]. Total chromium
concentration in an old chrome-plating facility in North Carolina, Elizabeth city, was reported in
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the range of 1-3 mg/L [12]. These findings signify the need to develop materials that have
increased capacity for Cr(VI) removal from large volumes of water, such as contaminated
groundwaters. In the United States, the total chromium in drinking water is regulated by the U.S.
Environmental Protection Agency (US EPA) at a maximum contaminant level (MCL) of 0.1 mg/L
[13]; California specifically regulates Cr(VI) at 0.01 mg/L [14] 1.
Adsorption has been proven to be an effective and inexpensive way for Cr(VI) remediation
[15–19]. Activated carbon has been proven to be an efficient adsorbent for heavy metals removal
from aqueous phase [15–19]. However, it has a high production cost making it an expensive
adsorbent for the water and wastewater treatment. Also, a low reaction rate and difficult
regeneration are disadvantages to using activated carbon [20], which has led to investigations for
methods to improve its reactivity.
The interaction mechanism of Cr(VI) with activated carbon includes sorption, reduction of
Cr(VI) to Cr(III), and possible desorption of chromium back to the aqueous phase [8]. Activated
carbon has been reported to have a low reusability capacity [4,21]. Duranoglu et al. (2012) has
reported a 70% decrease in activated carbon’s capacity for Cr(VI) adsorption after five
regeneration and reuse cycles and stated that chromium adsorption onto activated carbon still has
a regeneration problem [21]. Thermal regeneration of activated carbon saturated with pnitrophenol has been investigated by Sabio et al. (2004) [22]. Their results showed a maximum
adsorption capacity recovery of 87% through direct air gasification. Hu et al. (2003) [23]
regenerated a Cr(VI) saturated-activated carbon by drying the AC particles at 110 °C and then
soaking in an H2SO4 solution for 24 hr, which resulted in 53.6% recovery of the microporous AC.

1

Based on California Water Boards announcement, as of September 11, 2017, the maximum
contaminant level for hexavalent chromium is no longer in effect. Total chromium still regulated at 50 μg/L.
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They stated that although microporous AC has a large adsorption capacity, its recovery efficiency
is low. Besides, activated carbon is almost a non-polar material, which makes it less efficient in
removing heavy metals from aqueous solutions compared to organic compounds [4,24]. It has been
shown that conventional activated carbon has no selective properties for chromium adsorption
[25]. However, its affinity for ions and polar molecules can be increased by adding target-specific
functional groups, or by impregnating/coating the activated carbon with materials possessing
polarity, and hence allowing greater selectivity for heavy metals [24,26–28].
Zero-valent iron nanoparticles (ZVI) are strong reductants due to their negative standard
potential (E0= -0.44 V) of the Fe2+/Fe0 couple [29]. The reduction of Cr(VI) by nZVI particles
occurs by the direct electron transfer from Fe0 to Cr(VI), which yields Fe2+ and Cr(III). Besides
the electron donors and iron-based materials for remediation of Cr(VI) contaminated sites, reduced
sulfur compounds, for example, polysulfide groups (S ) have been used to promote the formation
of metal sulfide compounds [30] or to reduce Cr(VI) to Cr(III) [31]. After chemical reduction,
sulfur-containing compounds reduce Cr(VI) to Cr(III) ions, which then can either: 1) react with
hydroxide ions in the solution and precipitate in the form of chromium hydroxide complexes, or
2) be adsorbed on the surface of sulfur-containing adsorbents [32]. Elemental sulfur is attractive
for water treatment applications because it is non-toxic, water-insoluble, and widely available [33].
Sulfur-containing polymers having the general formula of [R–Sx–]n with x ≥2 and thiol-end groups
are widely used as sealants in glass and aircraft industries. They have good resistance to water,
acids, bases, and solvents. Thiol compounds which are categorized as organic compounds having
thiol group (-SH) have been reported to react with Cr(VI) and reduce it to lower oxidation states
[34].
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In this study, AC is modified by two different approaches: (1) coating AC by PSR producing
AC-PSR composite, and (2) immobilizing nZVI particles onto AC, producing AC/nZVI. Both
these composite adsorbents are used for Cr(VI) removal from the aqueous phase, and their removal
performances are compared against the unmodified AC.
2.2. Removal of trichloroethylene (TCE) as an organic water contaminant
Contamination of groundwater and soil by chlorinated organic compounds (COC) is a current
environmental issue [35]. This is due to the adverse health effects of COCs such as carcinogenicity
and toxicity [36], as well as difficulties associated with the remediation of COC-contaminated sites
in comparison with other hydrocarbons [35]. One COC of interest is trichloroethylene (TCE), used
in various industrial applications such as fabricated metal parts degreasing, paint stripping, and
pharmaceutical and plastic manufacturing [37,38]. Due to serious human health hazards, including
liver problems and increased risk of cancer [36], the United States environmental protection
agency (USEPA) considered TCE as a priority pollutant, and defined its maximum contaminant
level at 5 μg L-1 in drinking water [39]. Removal of TCE from groundwaters is crucial because
groundwater is the main source of drinking water in most areas all over the world. Groundwater
remediation using the traditional pump and treat methods has several disadvantages, including
back diffusion, tailing, rebound, and long treatment periods, causing significant environmental
footprints and high energy consumption [40–42]. To overcome these drawbacks, in-situ
remediation techniques have recently been developed for more sustainable treatment of
contaminated aquifers [40,43].
Biochar (BC) is an inexpensive carbon-based adsorbent produced from an oxygen-limited
thermal or hydrothermal process of carbonaceous biomass [44]. Biochar has been successfully
used for soil amendment, including an increase in the water-holding capacity of soil [56] and the
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decrease of soil’s nutrient leaching [57]. The hydrophobicity of biochar is a key feature that makes
it favorable for soil water holding [58]. However, when biochar is used as an adsorbent for aqueous
contaminants removal, it needs to be hydrophilic in order to get filled with pore water and allow
the adsorbate ions/molecules to come into contact with its adsorption sites.
BC, with highly-ordered multiple interconnected networks of micropores, mesopores, and
macropores, has been recently considered as an economical substitute for conventional adsorbents,
such as activated carbon, and used to remove a wide variety of contaminants, including VOCs,
from aqueous, gaseous, and solid phases [44–48]. However, because the surface functional groups
and the elemental composition of BCs depend on the biomass source as well as the carbonization
process [44], BCs may have limited selectivity to adsorb some groups of contaminants [49].
Various modification methods have been investigated for BCs to increase their removal capacities
[50–52]. Ahmed et al. [49], classified BC modification methods aiming to enhance its aqueous
contaminants removal performance into three main groups: (i) steam activation, in which the feed
material is firstly pyrolyzed at 300 ºC to 700 ºC under N2, limited air, or sometimes ambient air,
followed by steam activation at 800 ºC - 900 ºC for 0.5 to 3 h [53]; (ii) heat treatment, in which
BCs are heated to elevated temperatures of 800 ºC - 900 ºC, and then hydrogen, air, or argon is
introduced to BC to form new functional groups; and (iii) chemical modification, including
alkaline and acidic modifications–both of which require subsequent pyrolysis–, as well as
impregnation techniques in which the metal salts or oxides are mixed with BCs.
In the present study, a two-step modification process is employed to enhance BC’s
performance for organic contaminants removal, consisting of (1) heat treatment of BC, to make its
surface hydrophilic; expecting to enhance its adsorption capacity, and (2) immobilization of nZVI
particles onto the BC, to enhance its contaminant removal efficiency through reduction by Fe0.
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Various HBC/nZVI samples are compared for their p-nitrosodimethylaniline (pNDA) bleaching
efficiency, and the best-performing HBC/nZVI is selected for the TCE removal experiments.
Production of the chlorinated compound intermediates is also investigated.
3. Objectives
There are several types of carbon-based adsorbents, like granular activated carbon, biochar,
carbon nanotubes, graphene, etc., being used for the removal of various contaminants from the
aqueous environment. However, they do not have selective properties for the target contaminants,
limiting their efficiency in large scales. Also, most of these adsorbents have a low reusability
capacity or require expensive regeneration procedures, producing large amounts of sludge.
This study aims to design and develop novel carbon-based adsorbents by modifying the
physical and chemical properties of two commonly-used adsorbents, to increase their capacity for
capturing target water contaminants, and to provide reusable adsorbents to minimize the waste.
In this project, granular AC and BC have been selected as the base adsorbents for farther
modifications.
First, their drawbacks lowering their efficiency for the removal of aqueous contaminants are
studied through investigating their physical and chemical characteristics and by considering
previous reports in the literature. Then, two different modification procedures are considered for
each of the two selected adsorbents, by considering adsorbents’ specific characteristics, including
surface chemistry, functional groups, and pore structure, and also by considering the target
contaminants which are to be removed by each.
Hexavalent chromium (Cr(VI)) has been considered as an inorganic, and trichloroethylene
(TCE) as an organic water contaminant. AC, in modified and unmodified forms, is evaluated for
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Cr(VI) removal from water. BC, in modified and unmodified forms, is evaluated for the removal
of TCE from water.
To achieve these goals, various modified samples of AC and BC are synthesized under
different synthesis conditions in order to evaluate the effects of modification conditions on the
materials’ efficiency. From the results, the optimized modification conditions are obtained,
providing the greatest contaminant removal capacity while maintaining logical production costs.
In addition, the interactive mechanism of each of two target contaminants (i.e. Cr(VI) and TCE)
with adsorbents are investigated using materials characterization along with kinetic and
intraparticle diffusion mechanism studies.
The next two sections provide summaries of the modification processes considered for each of
AC and BC for the removal of Cr(VI) and TCE, respectively.
3.1. Activated carbon modification for Cr(VI) removal
3.1.1. Polysulfide polymer coating
For AC modification with polymer, polysulfide rubber (PSR) polymer, containing thiol
compounds, was first synthesized in the materials laboratory and characterized with Fourier
transform infrared spectroscopy (FTIR) to confirm the successful formation of the polymer. The
PSR was then dissolved in toluene and coated onto Filtrasorb 400 granular activated carbon, to
produce AC coated with PSR, denoted as AC-PSR. The obtained AC-PSR as well as virgin AC
were well characterized both before and after Cr(VI) adsorption using X-ray photoelectron
spectroscopy (XPS) for surface chemistry and oxidation state of the adsorbed chromium, as well
as by scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energydispersive X-ray spectroscopy (EDS) for surface morphology and elemental composition. The
9

materials were also analyzed with nitrogen adsorption/desorption analysis along with BrunauerEmmett-Teller (BET) isotherm for surface area and pores structure characteristics,
thermogravimetric analysis (TGA) for thermal stability, and their point-of-zero-charge was
measured using the potentiometric mass titration (PMT) method. Cr(VI) removal batch
experiments were conducted under various experimental conditions to investigate Cr(VI) removal
kinetics and isotherms, as well as the intraparticle diffusion mechanism of chromium ions into the
AC and AC-PSR. Regeneration and reusability potential of AC-PSR for Cr(VI) removal was also
evaluated.
Chapter 4 describes this study and presents the results in detail.
3.1.2. Zero-valent iron nanoparticles (nZVI) impregnation
For AC impregnation with zero-valent iron nanoparticles (nZVI), iron chloride hexahydrate
(FeCl3.6H2O) was used as the iron precursor. Using a combination of annealing and borohydride
reduction techniques, various samples of AC impregnated by nZVI, denoted as AC/nZVI, were
synthesized. All the samples were characterized by X-ray diffraction (XRD) for phase
identification, and their Cr(VI) removal efficiencies were compared under constant experimental
conditions. As a result, the optimized synthesis conditions were selected and the optimized
AC/nZVI was further investigated for Cr(VI) removal under various experimental conditions to
obtain reaction kinetics and isotherms. Intraparticle diffusion mechanism of chromium ions into
AC and AC/nZVI was investigated using two different diffusion models. The presence of spherical
nano-sized ZVI particles was confirmed by comparing SEM images of AC and AC/nZVI surfaces.
The surface elemental composition of AC/nZVI before and after Cr(VI) adsorption was
investigated using EDS. In addition, AC/n ZVI was characterized with XPS before and after
Cr(VI) adsorption to investigate the presence of Fe0 on AC/nZVI surface before adsorption,
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changes in the oxidation state of iron after reacting with Cr(VI), and the reduction of Cr(VI) to
Cr(III) after the reaction. Tafel corrosion test was conducted on AC and AC/nZVI to compare their
electron transfer rate in Cr(VI) solution. Regeneration and reusability potential of AC/nZVI for
Cr(VI) removal was also evaluated.
Chapter 3 describes this study and presents the results in detail.
3.2. Biochar modification for TCE removal
3.2.1. Functional groups modification
Biochar (BC) has a hydrophobic nature due to its surface functional groups. In this study, BC’s
surface functional groups were modified in order to convert BC’s surface to hydrophilic, which is
presumably beneficial for capturing aqueous contaminants.
To transform hydrophobic BC to hydrophilic, a simple heat treatment under ambient flow was
conducted aiming to assist the formation of oxygen-containing functional groups on BC’s surface.
Different heating temperatures and times were considered to produce various heat-treated biochar
(HBC) samples. These samples were compared for hydrophobicity/philicity by measuring their
water droplet contact angle, and their surface functional groups were investigated by using FTIR
analysis. Various HBC samples were compared for pNDA removal efficiency to determine the
optimized heat treatment conditions beneficial for aqueous contaminants removal. In this set of
experiments, pNDA was selected as an easy-to-measure aqueous contaminant for optimization of
the heat treatment step. After optimizing heat treatment conditions (i.e. heating temperature and
duration), the optimized HBC was employed for TCE removal from water under various
experimental conditions.
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3.2.2. Zero-valent iron nanoparticles (nZVI) impregnation
For BC impregnation with zero-valent iron nanoparticles (nZVI), iron chloride hexahydrate
(FeCl3.6H2O) was used as the iron precursor. By changing synthesis factors including pH of the
BC and iron chloride mixture, ultrasonication amplitude, and iron chloride concentration, various
samples of BC impregnated with nZVI, denoted as BC/nZVI, were produced. Synthesis conditions
were optimized by comparing pNDA removal efficiency of various BC/nZVI samples.
After optimizing nZVI impregnation conditions, various HBC samples produced under various
heating conditions were used (instead of raw BC) to produce various HBC/nZVI samples. Effects
of HBC’s heating time on the synthesized HBC/nZVI composites were investigated using
TEM/EDS for morphology and elemental composition evaluations, XPS for surface chemistry,
and inductively coupled plasma-optical emission spectroscopy (ICP-OES) for iron to carbon
weight percent ratios. Various HBC/nZVI samples were also compared for pNDA removal
efficiency.
Finally, a composite of HBC impregnated with nZVI was synthesized under the optimum
conditions obtained for heat treatment procedure and for nZVI impregnation step. The optimized
HBC/nZVI was then investigated for TCE removal under various experimental conditions.
Kinetics of TCE removal using the best-performing HBC/nZVI was compared against raw BC and
HBC. Surface area and pore size distribution of the optimized HBC and the optimized HBC/nZVI
were compared using nitrogen adsorption/desorption analysis. Reusability of HBC/nZVI was also
investigated.
Chapter 4 describes the biochar modification study and presents the obtained results in detail.

12

References for Chapter 1
[1]
[2]
[3]

[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]

[15]

L. Järup, Hazards of heavy metal contamination, Br. Med. Bull. (2003).
http://bmb.oxfordjournals.org/content/68/1/167.short (accessed January 13, 2017).
M. Jaishankar, B.B. Mathew, M.S. Shah, K.M. T.P., S.G. K.R., Biosorption of Few Heavy
Metal Ions Using Agricultural Wastes, J. Environ. Pollut. Hum. Heal. 2 (2014) 1–6.
doi:10.12691/JEPHH-2-1-1.
N. Calace, T. Campisi, A. Iacondini, M. Leoni, B.M. Petronio, M. Pietroletti, Metalcontaminated soil remediation by means of paper mill sludges addition: Chemical and
ecotoxicological
evaluation,
Environ.
Pollut.
136
(2005)
485–492.
doi:10.1016/j.envpol.2004.12.014.
D. Mohan, C.U. Pittman, Activated carbons and low cost adsorbents for remediation of triand hexavalent chromium from water, J. Hazard. Mater. 137 (2006) 762–811.
doi:10.1016/j.jhazmat.2006.06.060.
R. Gürkan, H.İ. Ulusoy, M. Akçay, Simultaneous determination of dissolved inorganic
chromium species in wastewater/natural waters by surfactant sensitized catalytic kinetic
spectrophotometry, Arab. J. Chem. (2012). doi:10.1016/j.arabjc.2012.10.005.
M. Jaishankar, T. Tseten, N. Anbalagan, B.B. Mathew, K.N. Beeregowda, Toxicity,
mechanism and health effects of some heavy metals, Interdiscip. Toxicol. 7 (2014) 60–72.
doi:10.2478/intox-2014-0009.
A. Wolińska, Z. Stępniewska, R. Włosek, The influence of old leather tannery district on
chromium contamination of soils, water and plants, Nat. Sci. 05 (2013) 253–258.
doi:10.4236/ns.2013.52A037.
J.U.N. Fang, Z. Gu, D. Gang, C. Liu, E.S. Ilton, Cr ( VI ) Removal from Aqueous Solution
by Activated Carbon Coated with Quaternized, Environ. Sci. Technol. 41 (2007) 4748–4753.
M. Kobya, Removal of Cr(VI) from aqueous solutions by adsorption onto hazelnut shell
activated carbon: Kinetic and equilibrium studies, Bioresour. Technol. 91 (2004) 317–321.
doi:10.1016/j.biortech.2003.07.001.
C. Raji, T.S. Anirudhan, Batch Cr(VI) removal by polyacrylamide-grafted sawdust: Kinetics
and thermodynamics, Water Res. 32 (1998) 3772–3780. doi:10.1016/S00431354(98)00150-X.
M.J. Hartman, L.F. Morasch, W.D. Webber, Hanford Site Groundwater Monitoring for
Fiscal Year 2005, Richland, WA, 2006. doi:10.2172/889070.
R.W. Puls, C.J. Paul, R.M. Powell, The application of in situ permeable reactive (zero-valent
iron) barrier technology for the remediation of chromate-contaminated groundwater: a field
test, Appl. Geochemistry. 14 (1999) 989–1000. doi:10.1016/S0883-2927(99)00010-4.
U.S.E.P. Agency, National Primary Drinking Water Regulations, (2009).
https://www.epa.gov/sites/production/files/2016-06/documents/npwdr_complete_table.pdf.
C. EPA, Chromium-6 Drinking Water MCL | California State Water Quality Control Board,
(n.d.).
https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/Chromium6.html
(accessed February 26, 2018).
H. Demiral, İ.I. Demiral, F. Tümsek, B. Karabacakoǧlu, B. Karabacakoğlu, Adsorption of
chromium(VI) from aqueous solution by activated carbon derived from olive bagasse and
applicability of different adsorption models, Chem. Eng. J. 144 (2008) 188–196.
13

[16]
[17]
[18]

[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]

doi:http://dx.doi.org/10.1016/j.cej.2008.01.020.
M. Barkat, D. Nibou, S. Chegrouche, A. Mellah, Kinetics and thermodynamics studies of
chromium(VI) ions adsorption onto activated carbon from aqueous solutions, Chem. Eng.
Process. Process Intensif. 48 (2009) 38–47. doi:10.1016/j.cep.2007.10.004.
J.N. Sahu, J. Acharya, B.C. Meikap, Response surface modeling and optimization of
chromium(VI) removal from aqueous solution using Tamarind wood activated carbon in
batch process, J. Hazard. Mater. 172 (2009) 818–825. doi:10.1016/j.jhazmat.2009.07.075.
Z.A. AL-Othman, R. Ali, M. Naushad, Hexavalent chromium removal from aqueous
medium by activated carbon prepared from peanut shell: Adsorption kinetics, equilibrium
and
thermodynamic
studies,
Chem.
Eng.
J.
184
(2012)
238–247.
doi:10.1016/j.cej.2012.01.048.
R.M. Schneider, C.F. Cavalin, M.A.S.D. Barros, C.R.G. Tavares, Adsorption of chromium
ions in activated carbon, Chem. Eng. J. 132 (2007) 355–362. doi:10.1016/j.cej.2007.01.031.
L. Wu, L. Liao, G. Lv, F. Qin, Y. He, X. Wang, Micro-electrolysis of Cr (VI) in the nanoscale
zero-valent iron loaded activated carbon, J. Hazard. Mater. 254 (2013) 277–283.
doi:10.1016/j.jhazmat.2013.03.009.
D. Duranoĝlu, A.W. Trochimczuk, U. Beker, Kinetics and thermodynamics of hexavalent
chromium adsorption onto activated carbon derived from acrylonitrile-divinylbenzene
copolymer, Chem. Eng. J. 187 (2012) 193–202. doi:10.1016/j.cej.2012.01.120.
E. Sabio, E. González, J.F. González, C.M. González-García, A. Ramiro, J. Gañan, Thermal
regeneration of activated carbon saturated with p-nitrophenol, Carbon N. Y. 42 (2004) 2285–
2293. doi:10.1016/j.carbon.2004.05.007.
Z. Hu, L. Lei, Y. Li, Y. Ni, Chromium adsorption on high-performance activated carbons
from aqueous solution, Sep. Purif. Technol. 31 (2003) 13–18. doi:10.1016/S13835866(02)00149-1.
W. Kiciński, M. Szala, M. Bystrzejewski, Sulfur-doped porous carbons: Synthesis and
applications, Carbon N. Y. 68 (2014) 1–32. doi:10.1016/j.carbon.2013.11.004.
M. Owlad, M.K. Aroua, W.A.W. Daud, S. Baroutian, Removal of hexavalent chromiumcontaminated water and wastewater: A review, Water. Air. Soil Pollut. 200 (2009) 59–77.
doi:10.1007/s11270-008-9893-7.
L. Monser, N. Adhoum, Modified activated carbon for the removal of copper, zinc,
chromium and cyanide from wastewater, Sep. Purif. Technol. 26 (2002) 137–146.
doi:10.1016/S1383-5866(01)00155-1.
S.-J. Park, Y.-S. Jang, Pore structure and surface properties of chemically modified activated
carbons for adsorption mechanism and rate of Cr(VI)., J. Colloid Interface Sci. 249 (2002)
458–63. doi:10.1006/jcis.2002.8269.
H.-C. Hsi, M.J. Rood, M. Rostam-Abadi, S. Chen, R. Chang, Mercury Adsorption Properties
of Sulfur-Impregnated Adsorbents, J. Environ. Eng. 128 (2002) 1080–1089.
doi:10.1061/(ASCE)0733-9372(2002)128:11(1080).
M. Gheju, Hexavalent chromium reduction with zero-valent iron (ZVI) in aquatic systems,
Water. Air. Soil Pollut. 222 (2011) 103–148. doi:10.1007/s11270-011-0812-y.
J. Rivera-Utrilla, M. Sánchez-Polo, V. Gómez-Serrano, P.M. Álvarez, M.C.M. AlvimFerraz, J.M. Dias, Activated carbon modifications to enhance its water treatment
applications.
An
overview,
J.
Hazard.
Mater.
187
(2011)
1–23.
doi:10.1016/j.jhazmat.2011.01.033.
Y. Li, W. Wang, L. Zhou, Y. Liu, Z.A. Mirza, X. Lin, Remediation of hexavalent chromium
14

[32]
[33]

[34]
[35]
[36]

[37]
[38]
[39]
[40]

[41]
[42]

[43]

[44]
[45]

spiked soil by using synthesized iron sulfide particles, Chemosphere. 169 (2017) 131–138.
doi:10.1016/j.chemosphere.2016.11.060.
E. Sahinkaya, A. Kilic, Heterotrophic and elemental-sulfur-based autotrophic denitrification
processes for simultaneous nitrate and Cr(VI) reduction, Water Res. 50 (2014) 278–286.
doi:10.1016/j.watres.2013.12.005.
E. Sahinkaya, N. Dursun, A. Kilic, S. Demirel, S. Uyanik, O. Cinar, Simultaneous
heterotrophic and sulfur-oxidizing autotrophic denitrification process for drinking water
treatment: Control of sulfate production, Water Res. 45 (2011) 6661–6667.
doi:10.1016/j.watres.2011.09.056.
X. Shi, A. Chiu, C.T. Chen, B. Halliwell, V. Castranova, V. Vallyathan, Reduction of
chromium (vi) and its relationship to carcinogenesis, J. Toxicol. Environ. Heal. - Part B Crit.
Rev. 2 (1999) 87–104. doi:10.1080/109374099281241.
J.J. Yu, S.Y. Chou, Contaminated site remedial investigation and feasibility removal of
chlorinated volatile organic compounds from groundwater by activated carbon fiber
adsorption, Chemosphere. 41 (2000) 371–378. doi:10.1016/S0045-6535(99)00437-3.
H.J. Clewell, P.R. Gentry, J.M. Gearhart, B.C. Allen, M.E. Andersen, Considering
pharmacokinetic and mechanistic information in cancer risk assessments for environmental
contaminants: Examples with vinyl chloride and trichloroethylene, Chemosphere. 31 (1995)
2561–2578. doi:10.1016/0045-6535(95)00124-Q.
A.M.Y.L. Teel, C.R. Warberg, D.A. Atkinson, R.J. Watts, Comparison Of Mineral And
Soluble Iron Fenton ’ S Catalysts For The Treatment Of Trichloroethylene, Water Res. 35
(2001) 977–984.
R.J. Watts, Hazardous wastes: Sources, pathways, receptors, Wiley-Blackwell, New York,
NY, 1998. doi:10.1002/ep.670200405.
United States Environmental Protectio Agency (USEPA), National Primary Drinking Water
Regulations,
(n.d.).
https://www.epa.gov/ground-water-and-drinking-water/nationalprimary-drinking-water-regulations (accessed June 25, 2018).
D. O’Connor, D. Hou, Y.S. Ok, Y. Song, A.K. Sarmah, X. Li, F.M.G. Tack, Sustainable in
situ remediation of recalcitrant organic pollutants in groundwater with controlled release
materials:
A
review,
J.
Control.
Release.
283
(2018)
200–213.
doi:10.1016/j.jconrel.2018.06.007.
S.W. Chapman, B.L. Parker, Plume persistence due to aquitard back diffusion following
dense nonaqueous phase liquid source removal or isolation, Water Resour. Res. 41 (2005).
doi:10.1029/2005WR004224.
F.P.J. de Barros, D. Fernàndez-Garcia, D. Bolster, X. Sanchez-Vila, A risk-based
probabilistic framework to estimate the endpoint of remediation: Concentration rebound by
rate-limited mass transfer, Water Resour. Res. 49 (2013) 1929–1942.
doi:10.1002/wrcr.20171.
G. Lemming, M.Z. Hauschild, J. Chambon, P.J. Binning, C. Bulle, M. Margni, P.L. Bjerg,
Environmental impacts of remediation of a trichloroethene-contaminated site: Life cycle
assessment of remediation alternatives, Environ. Sci. Technol. 44 (2010) 9163–9169.
doi:10.1021/es102007s.
J.S. Cha, S.H. Park, S.C. Jung, C. Ryu, J.K. Jeon, M.C. Shin, Y.K. Park, Production and
utilization of biochar: A review, J. Ind. Eng. Chem. 40 (2016) 1–15.
doi:10.1016/j.jiec.2016.06.002.
F.R. Oliveira, A.K. Patel, D.P. Jaisi, S. Adhikari, H. Lu, S.K. Khanal, Environmental
15

[46]
[47]

[48]

[49]
[50]
[51]
[52]
[53]

application of biochar: Current status and perspectives, Bioresour. Technol. 246 (2017) 110–
122. doi:10.1016/j.biortech.2017.08.122.
E. Kim, C. Jung, J. Han, N. Her, C.M. Park, M. Jang, A. Son, Y. Yoon, Sorptive removal of
selected emerging contaminants using biochar in aqueous solution, J. Ind. Eng. Chem. 36
(2016) 364–371. doi:10.1016/j.jiec.2016.03.004.
Z. Ding, Y. Wan, X. Hu, S. Wang, A.R. Zimmerman, B. Gao, Sorption of lead and methylene
blue onto hickory biochars from different pyrolysis temperatures: Importance of
physicochemical properties, J. Ind. Eng. Chem. 37 (2016) 261–267.
doi:10.1016/j.jiec.2016.03.035.
C.M. Park, J. Han, K.H. Chu, Y.A.J. Al-Hamadani, N. Her, J. Heo, Y. Yoon, Influence of
solution pH, ionic strength, and humic acid on cadmium adsorption onto activated biochar:
Experiment and modeling, J. Ind. Eng. Chem. 48 (2017) 186–193.
doi:10.1016/j.jiec.2016.12.038.
M.B. Ahmed, J.L. Zhou, H.H. Ngo, W. Guo, M. Chen, Progress in the preparation and
application of modified biochar for improved contaminant removal from water and
wastewater, Bioresour. Technol. 214 (2016) 836–851. doi:10.1016/j.biortech.2016.05.057.
J. Park, J.J. Wang, N. Tafti, R.D. Delaune, Removal of Eriochrome Black T by sulfate radical
generated from Fe-impregnated biochar / persulfate in Fenton-like reaction, J. Ind. Eng.
Chem. (2018). doi:10.1016/j.jiec.2018.11.026.
M.W. Yap, N.M. Mubarak, J.N. Sahu, E.C. Abdullah, Microwave induced synthesis of
magnetic biochar from agricultural biomass for removal of lead and cadmium from
wastewater, J. Ind. Eng. Chem. 45 (2017) 287–295. doi:10.1016/J.JIEC.2016.09.036.
S. Wan, S. Wang, Y. Li, B. Gao, Functionalizing biochar with Mg–Al and Mg–Fe layered
double hydroxides for removal of phosphate from aqueous solutions, J. Ind. Eng. Chem. 47
(2017) 246–253. doi:10.1016/j.jiec.2016.11.039.
A.U. Rajapaksha, M. Vithanage, M. Ahmad, D.C. Seo, J.S. Cho, S.E. Lee, S.S. Lee, Y.S.
Ok, Enhanced sulfamethazine removal by steam-activated invasive plant-derived biochar, J.
Hazard. Mater. 290 (2015) 43–50. doi:10.1016/j.jhazmat.2015.02.046.

16

Chapter 2
Synthesis, Characterization, and Kinetic Study of Activated Carbon Modified
by PolySulfide Rubber Coating for Aqueous Hexavalent Chromium Removal
Soroosh Mortazavian a, Ali Saber b, Jaeyoung Hong c, Jee-Hwan Bae c, Dongwon Chun c,
Nicolas Wong b, Daniel Gerrity b, Jacimaria Batista b, Kwang J. Kim a, Jaeyun Moon a,*
a

Department of Mechanical Engineering, University of Nevada, Las Vegas, Las Vegas, NV

89154, USA
b

Department of Civil and Environmental Engineering and Construction, University of Nevada,

Las Vegas, Las Vegas, NV 89154, USA
c

Advanced Analysis Center, Korea Institute of Science and Technology (KIST), Seoul, 02792,

Republic of Korea
An article published in the Journal of Industrial and Engineering Chemistry, Elsevier Publications.
https://doi.org/10.1016/j.jiec.2018.09.028

17

Abstract
Activated carbon (AC) is a widely used adsorbent with a limited selectivity for chromium
species. In this study, polysulfide rubber (PSR) polymer was synthesized, characterized by FTIR,
and coated on F400 granular AC to obtain AC-PSR. The material properties of this composite
adsorbent were investigated using SEM, TEM, EDS, TGA, BET isotherm, and XPS. The
effectiveness of AC-PSR for aqueous Cr(VI) removal was investigated, and compared against
virgin AC. The results showed that despite a 23% decrease in the surface area of AC after PSR
coating, AC-PSR had a higher capacity for Cr(VI) adsorption. Adsorption followed a pseudosecond-order biphasic diffusion model for both AC and AC-PSR. The reaction rate constants
showed that despite faster initial kinetics between AC and Cr(VI) during the film diffusion step,
AC-PSR exhibited faster kinetics during the intraparticle diffusion step. The Langmuir isotherm
model was found to be the best model to describe the experimental data, which showed a higher
adsorption capacity for AC-PSR (QM, AC = 3.472 mg/g vs. QM, AC-PSR = 8.929 mg/g) and a stronger
binding between Cr(VI) and AC-PSR (bA,

AC

= 0.391 L/mg vs. bA,

AC-PSR

= 0.696 L/mg).

Regenerated AC-PSR showed an 8% increase in Cr(VI) removal efficiency after the first cycle,
and then maintained a ~98% Cr(VI) removal for three additional successive cycles.
Keywords: Cr(VI) treatment; Thiol-modified activated carbon; Polysulfide rubber polymer;
Groundwater remediation; Biphasic intraparticle diffusion model; Material characterization
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isotherm studies. She wrote the entire manuscript and discussed all the results.
1. Introduction
Heavy metals, which generally are distinguished as having densities greater than 5 g/cm3 [1],
often are considered to be among the most hazardous aqueous contaminants due to their high
toxicity and implications regarding long-term public health [2,3]. Depending on their speciation
and concentration, heavy metals also may cause adverse effects on environmental systems. Trace
metals, including zinc, nickel, chromium, copper, cobalt, vanadium, and tungsten, are important
for bacterial metabolic activity and enzyme production; however, these metals also can be toxic to
bacteria at elevated concentrations [4]. In addition, exposure to metals can lead to the proliferation
of bacterial antibiotic resistance, as the resistance mechanisms are similar for both groups of
contaminants [5]. Therefore, heavy metals remediation is critical to protect both public and
environmental health.
Chromium is a heavy metal that generally exists in the environment in trivalent (Cr(III) or
Cr3+) or hexavalent (Cr(VI) or Cr6+) oxidation states. Because trivalent chromium is waterinsoluble and has a weak cellular membrane penetration, this oxidation state is not a significant
concern for public health [6]. On the other hand, hexavalent chromium is soluble in water, mobile,
and easily penetrates cell membranes. Moreover, hexavalent chromium is considered to be a toxic
and carcinogenic water contaminant [7–9] that causes a wide range of health issues, including liver
damage, pulmonary congestion, skin irritation, and diarrhea [10,11]. Human exposure to
chromium generally stems from contamination of water bodies by industrial wastewater
discharges, including electroplating, leather tanning, cooling, and steel industries [12]. Several
studies have reported elevated levels of chromium in rivers and groundwater aquifers. For
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example, at two nuclear sites in the United States, Hanford Site in the state of Washington and
Savannah River Site in Georgia, the chromium concentration varies from 20 - 30,000 μg/L in water
[13]. Total chromium concentration in an old chrome-plating facility in North Carolina, Elizabeth
city was reported in the range of 1-3 mg/L [14]. These findings signify the need to develop
materials that have increased capacity for Cr(VI) removal from large volumes of water, such as
contaminated groundwaters. In the United States, the total chromium in drinking water is regulated
by the U.S. Environmental Protection Agency (US EPA) at a maximum contaminant level (MCL)
of 0.1 mg/L [15] ; California specifically regulates Cr(VI) at 0.01 mg/L [16] 2.
Adsorption has been identified as an effective treatment option for heavy metal removal from
water [17]. A significant amount of research has been devoted to Cr(VI) removal using activated
carbon (AC) produced from alternative sources, including coconut shell [18]; coconut tree sawdust
[19]; hazelnut shell [11]; peanut shell [20]; rubber tree sawdust [21]; and leather, olive stone, and
almond shell [22]. The interaction mechanism of Cr(VI) with activated carbon includes sorption,
reduction of Cr(VI) to Cr(III), and possible desorption of chromium back to the aqueous phase
[10]. Activated carbon has been reported to have a low reusability capacity [6,23]. Duranoglu et
al. (2012) has reported a 70% decrease in activated carbon’s capacity for Cr(VI) adsorption after
five regeneration and reuse cycles, and stated that chromium adsorption onto activated carbon still
has a regeneration problem [23]. Thermal regeneration of an activated carbon saturated with pnitrophenol has been investigated by Sabio et al. (2004) [24]. Their results showed a maximum
adsorption capacity recovery of 87% through direct air gasification. Hu et al. (2003) [25]
regenerated a Cr(VI) saturated-activated carbon by drying the AC particles at 110 °C and then

2

Based on California Water Boards announcement, as of September 11, 2017, the maximum
contaminant level for hexavalent chromium is no longer in effect. Total chromium still regulated at 50 μg/L.
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soaking in a H2SO4 solution for 24 hr, which resulted in 53.6% recovery of the microporous AC.
They stated that although microporous AC has a large adsorption capacity, its recovery efficiency
is low. In addition, activated carbon is almost a non-polar material, which makes it less efficient
in removing heavy metals from aqueous solutions compared to organic compounds [6,26]. It has
been shown that conventional activated carbon has no selective properties for chromium
adsorption [27]. However, its affinity for ions and polar molecules can be increased by adding
target-specific functional groups, or by impregnating/coating the activated carbon with materials
possessing polarity, and hence allowing greater selectivity for heavy metals [26,28–30]. Activated
carbon modifications often enhance removal efficiency by minimizing the desorption potential
[10]. Yu et al. (2017) [31] also suggested that grafting electron-donating groups such as sulfur and
nitrogen onto carbon-based adsorbents can enhance their adsorption capacity for the positively
charged metal ions.
Several methods to enhance the adsorption capacity of activated carbon for hexavalent
chromium removal have been investigated. These include, for example, surface modification of
coconut-shell activated carbon with oxidizing agents and/or chitosan [18], coating granular
activated carbon with quaternized poly(4-vinylpyridine) [10], modification of palm-shell activated
carbon with polyethyleneimine [32], and impregnation of activated carbon with nanoscale zerovalent iron particles [33]. Aqueous Cr(VI) removal also has been investigated using a chitosancoated-magnetite with covalently grafted polystyrene (g-PS)-based magnetic nanocomposite by
Gu et al. (2018) [34], a triple layer core-shell adsorbent containing zero valence iron protected
with carbon and polyaniline layers by Gong et al. (2018) [35], a nanocarbon bridged nanomagnetic
network by Xu et al. (2018) [36], a fluorine and nitrogen co-doped magnetite carbons by Huang et
al. (2018) [37], a magnetic carbon using the municipal sewage activated sludge and Fe(NO3).9H2O
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precursors by Gong et al. (2017) [38], and a fibrillar and particulate structured magnetic carbons
using polyacrylonitrile and Fe(NO3).9H2O precursors by Huang et al. (2017) [39]. Other studies
have also reported enhanced removal of other heavy metals using modified adsorbents. For
example, enhanced aqueous lead removal has been investigated by synthesizing a lignin based
poly (acrylic acid) nanocomposite with dispersed organo-montmorillonite in Ma et al. (2017) study
[40], a two poly(acrylic acid)/alumina nanocomposite in Wang et al. (2018) study [41], and a nickel
ferrite/manganese dioxide composite in Xiang et al. (2017) study [42]. An activated carbon
magnetized with Fe3O4 nanoparticles and loaded with Au nanoparticles was synthesized by Azad
et al. (2016) [43] for the simultaneous removal of Cd2+, Pb2+, Cr3+ and Ni2+ ions from aqueous
solution.
In addition to using electron donors and iron-based materials for remediation of Cr(VI)
contaminated sites, reduced sulfur compounds, for example, polysulfide groups (S ) have been
used to promote the formation of metal sulfide compounds [44] or to reduce Cr(VI) to Cr(III) [45].
After chemical reduction, sulfur-containing compounds reduce Cr(VI) to Cr(III) ions, which then
can either 1) react with hydroxide ions in the solution and precipitate in the form of chromium
hydroxide complexes or 2) be adsorbed on the surface of sulfur-containing adsorbents [46].
Elemental sulfur is attractive for water treatment applications because it is non-toxic, water
insoluble, and widely available [47]. Sulfur-containing polymers having the general formula of
[R–Sx–]n with x ≥ 2 and thiol-end groups, are widely used as sealants in glass and aircraft
industries. They have good resistance to water, acids, bases, and solvents. Thiol compounds which
are categorized as organic compounds having thiol group (-SH) have been reported to react with
Cr(VI) and reduce it to lower oxidation states [48]. Lay and Levin (1996) [49] proposed a threestep mechanism for reducing Cr(VI) to Cr(III) by L-Cystine (a thiol containing amino acid):
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formation of a Cr(VI) complex, conversion of the Cr(VI) complex to a precursor Cr(III) complex,
and intramolecular rearrangement of precursor Cr(III) complex leading to the final product. Yang
et al. (2014) [50] reported that a thiol-modified cellulose nanofibrous composite membrane
showed 2 to 3 times higher chromate adsorption capacity compared to an unmodified cellulose
nanofibrous membrane, attributed to the formation of Cr(VI)-thiolate complexation on the
composite surface. Therefore, if granular activated carbon can be coated with a polysulfide
polymer, the resulting material can be potentially beneficial for remediation applications due to
the possible increased capacity for Cr(VI) adsorption.
However, synthesis processes adopted in the previously mentioned studies for modification of
adsorbents for heavy metals removal mostly involved the use of several reagents and high
temperatures, requiring advanced laboratory equipment which can impose a high synthesis cost.
This might be restricting when synthesizing adsorbents in large quantities. The current study
adopted a simple synthesis approach to coat a granular activated carbon, a widely available
adsorbent, with a commercially available polymer—polysulfide rubber—to enhance its efficiency
and reusability for Cr(VI) removal. Composites of carbon and various polymers have also been
used in other applications such as improving thermal conductivity coefficient for heat dissipation
applications [51], high-performance supercapacitor electrodes [52], and self-healing of interfacial
damages [53].
This study investigates the effectiveness of coal-based granular activated carbon coated with
polysulfide rubber (AC-PSR) for aqueous Cr(VI) removal. This is the second report on AC-PSR
synthesis and application for water treatment. The AC-PSR first was synthesized by Kim et al.
(2011) [54], who investigated this material for aqueous mercury removal during a one-month and
three-month contact period [54,55]; the results were compared against those for polysulfide rubber
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(PSR) coated on glass. To the best knowledge of the authors, the current work is the first study
that has investigated the effects of environmental factors (solution pH, adsorbent dose, initial
Cr(VI) concentration, and reaction time) on adsorption kinetics of Cr(VI) by AC-PSR. Adsorption
isotherm and intraparticle diffusion models were investigated, and the morphological and chemical
characteristics of the composite material were assessed. For comparison between the modified and
virgin adsorbents, all the experiments and data modeling were conducted for virgin AC as well.
Results of this research could assist future studies that investigate the potential use of AC-PSR in
applications for industrial wastewater treatment and groundwater remediation.
2. Materials and methods
2.1. Reagents
Sodium tetrasulfide (Technical 90%, Beantown Chemical Corporation, Hudson, NH), methyl
tributyl ammonium chloride (75% solution in water, Merck & Co., Kenilworth, NJ), ethylene
dichloride (Spectrum Chemical Manufacturing Corporation, New Brunswick, NJ), and toluene
(Assay 99.5%, J.T. Baker Chemical Company, Center Valley, PA) were used as received.
Potassium dichromate (ACS reagent, J.T. Baker Chemical Company) was used as the source of
hexavalent chromium. Filtrasorb-400 (F400) granular activated carbon (Calgon Carbon
Corporation, Pittsburgh, PA), with an effective size ranging between 0.55 mm and 0.75 mm, was
washed in deionized water and dried in an oven prior to modification and/or testing.
2.2. Coating activated carbon with polysulfide rubber
The chemical formula for polysulfide rubber consists of repeating groups of C 2H4S4 and an
ending C2H4Cl group [54,56]. The material was synthesized by means of a condensation
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polymerization procedure described by Kalaee et al. [56], which involves a primary reaction
between ethylene dichloride and sodium tetrasulfide with methyl tributyl ammonium chloride
acting as the phase transfer catalyst. A fresh solution of sodium tetrasulfide (Na2S4) (5.5 g in 250
mL of deionized water; 22.0 g/L) was heated in a three-neck round-bottom flask to 70 °C while
stirring at 300 rpm. The solution was then supplemented with 70 μL of methyl tributyl ammonium
chloride, heated to 80 °C, and stirred for an additional 15 min. Then, 2.5 mL of ethylene dichloride
was added dropwise using a dropping funnel and the mixture was stirred for 1 hr at 80 °C. After
that, stirring was stopped, and the mixture was allowed to reach room temperature (22 ± 1 °C).
The obtained polymer was washed with hot water and kept for future coating on activated carbon.
The resultant polymer had an amber color and light odor, which are known characteristics of
polysulﬁde polymers [56].
The method for coating the activated carbon with PSR was adopted from Kim et al. (2011)
[54]. Briefly, the PSR was dissolved in toluene by adding 2.0 g of PSR to 200 mL of toluene in a
three-neck, round-bottom flask, and the mixture was refluxed at 90 °C for 3 hr. After cooling to
room temperature (22 ± 1 °C), 1.5 g of F400 activated carbon was added to the solution, and the
slurry was stirred for 24 hr. The coated activated carbon (i.e., AC-PSR) was collected by vacuum
filtration using a Teflon membrane and then dried in a vacuum oven (vacuum oven DZF-6020-FP,
MTI corporation, USA) at 50 °C for 1 hr.
2.3. Chromium (VI) adsorption experiments
The Cr(VI) adsorption tests were performed in batch mode with AC and AC-PSR as
adsorbents. A stock solution of 1000 mg/L potassium bichromate (K2Cr2O7) was prepared;
acidified to a pH below 2.0 (SevenExcellence Multiparameter pH meter, Mettler-Toledo GmbH,
B718076659, Switzerland) using concentrated HCl; and kept refrigerated at 4 °C [57]. The batch
25

experiments were performed in 100-mL aliquots of the diluted Cr(VI) solution. The pH of the
experimental solutions was adjusted to predetermined values ranging from 3.0 to 11.0, using 0.1
M sulfuric acid (H2SO4) and 0.1 M sodium hydroxide (NaOH). Then, pre-determined masses of
the adsorbent (i.e., virgin AC or AC-PSR) were added to separate pH-adjusted solutions for the
adsorption experiments. The samples were mixed continuously on a rotary shaker at 40 rpm and
22 ± 1 °C for predetermined reaction times. After termination of the reaction time, the mixtures
were filtered using 0.45-μm syringe filters (SEOH Products, Navasota, TX) to separate the aqueous
samples from the adsorbents prior to analysis. All experiments were conducted in triplicate, with
results reported as the means.
2.4. Analytical methods
Aqueous Cr(VI) was quantified colorimetrically based on the 1,5-diphenylcarbohydrazide
method (Standard Methods, 3500 Cr B and Hach Method 8023) using a DR/890 Colorimeter
(Hach, Loveland, CO), with a detection range of 0.01 to 0.60 mg/L Cr(VI). Samples having higher
Cr(VI) concentrations than the colorimeter’s detection limit were diluted first, and then analyzed.
The PSR was verified by Fourier transform infrared (FTIR) spectroscopy (Shimadzu IR
Prestige-21 FTIR Spectrophotometer, SHIMADZU Corporation, Japan). Scanning electron
microscopy (SEM) (JSM-5610, JEOL Ltd., Tokyo, Japan) was used to observe changes in surface
morphology after coating the activated carbon with PSR. An elemental analysis was conducted
using SEM/EDS (ISIS EDS, Oxford Instruments Company, Abingdon, United Kingdom) to
determine the elements present on the samples. Mapping using energy dispersive X-ray
spectroscopy (EDS) was carried out using a scanning transmission electron microscope (STEM,
FEI Talos F200X) equipped with XFEG and super-X EDS systems with four silicon drift detectors
(SDDs, Bruker). Analyses using X-ray photoelectron spectroscopy (XPS- PHI 5000 VersaProbe
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(Ulvac-PHI) was conducted to investigate oxidation states of the elements on adsorbents before
and after Cr(VI) adsorption. The surface-area characteristics of AC and AC-PSR were compared
by using a TriStar II Plus Brunauer-Emmett-Teller (BET) analyzer (Micromeritics Instrument
Corporation, Norcross, GA). For the BET analysis, the samples were heated overnight to 250 °C,
with a slow ramp rate of 0.5 °C/min; then, the surface area was determined by means of nitrogen
adsorption-desorption. Adsorption-desorption isotherm data were collected over the relative
pressure range of 0 to 0.8. Thermogravimetric analysis (TGA- Shimadzu IR Prestige-21 FTIR
Spectrophotometer, SHIMADZU Corporation) was conducted on virgin AC, PSR, and AC-PSR
to adjust the specific surface area obtained from BET analysis, and to estimate the weight portion
of the polymer in AC-PSR composite. TGA test was conducted using an 8.0 g of each of AC, PSR,
and AC-PSR samples initially, with an average temperature ramp of 0.16 °C/s. The point of zero
charge of AC-PSR (pHpzc) was measured using the potentiometric mass titration (PMT) method
described by Fiol et al. (2009) [58]. Shortly, 5.0 g/L of AC-PSR was added to 125 mL of 0.03 M
KNO3 and stirred for 24 hr along with Ar bubbling. Before titration, 1.0 mL of 1 M KOH was
added to the mixture. Titration was then started by dropwise addition of 0.1 M HNO3 to the mixture
along with stirring and bubbling with Ar. The equilibrium pH was recorded after adding each
droplet. The same procedure was repeated for the blank solution of 0.03 M KNO3. Finally, the
equilibrium pH was plotted versus acid volume added. The intersection point of the adsorbent’s
potentiometric curve and the blank curve was identified as the pHpzc.
2.5. Regeneration and reuse of AC-PSR
The synthesized AC-PSR was regenerated to evaluate its reusability potential for Cr(VI)
removal. In a 100-mL of 10 mg/L Cr(VI) solution, 0.3 g of AC-PSR particles were added, the pH
was adjusted to 4.0, and the mixture was stirred for 24 hr. The used AC-PSR particles were then
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separated from the treated solution, stirred in 10 mL of 0.1 M HNO3 for 1 hr, and washed three
times with DI water. After vacuum drying overnight, the particles were reused for the next run.
The first cycle was conducted using the as-synthesized AC-PSR.
3. Results and discussion
3.1. Characterization of the PSR polymer and the AC-PSR
3.1.1. Fourier transform infrared spectroscopy of PSR
The critical features of the Fourier transform infrared (FTIR) spectra of PSR were consistent
with previously reported results [56]. The disappearance of strong C-Cl stretching absorption at
623 cm-1 indicated the successful formation of the polymer [56]. The C-H stretching was observed
at 2918.30 cm-1 [56] associated with hydrocarbons in the polymer. The peaks at 696.30 cm-1 and
1246.02 cm-1 indicated C-S and S-CH2 absorption bonds, respectively [35, 37]. A very weak and
easy to overlook absorption stretch was also observed at 2596.18 cm-1, which are the
characteristics of S-H in thiol group.
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Fig. 1 FTIR spectra of synthesized polysulfide rubber (PSR).

3.1.2. SEM, TEM, and EDS analyses results for AC-PSR
The surface morphology of the F400 activated carbon before and after coating with PSR was
analyzed by scanning electron microscopy (SEM). Figs. 2a-c show the results of SEM imaging for
virgin AC, and 2d-f show the results for AC-PSR. No obvious changes were observed in the outer
surface morphology of the activated carbon after coating with PSR, which suggested that there
were no adverse effects from the modification procedure on the macropore structure.

29

Fig. 2 SEM images of virgin AC (a, b, c) and synthesized AC-PSR (d, e, f) under various
magnifications.

To verify the successful coating of the polymer, analysis using transmission electron
microscopy/energy-dispersive X-ray spectroscopy (TEM/EDS) was performed on AC and ACPSR. Fig. 3 shows elemental mappings of AC and AC-PSR assigning two different colors to
carbon (green) and sulfur (red); the color intensity denotes the relative concentration of the target
element. From Fig. 3f and 3h, and considering presence of sulfur as an indicator of PSR coating
[50], it could be inferred that the polymer was coated successfully and uniformly on the surface of
the activated carbon in AC-PSR. Although the EDS mapping of the virgin AC showed a pale redcolored map for the sulfur element in Fig. 3d, the weak red color intensity in this image compared
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to AC-PSR’s sulfur map indicated a negligible sulfur amount in the virgin activated carbon. More
details regarding the correlation between signal intensity and EDS spot features, as well as
SEM/EDS elemental mappings of AC and AC-PSR are described in the Supplementary
Information Figs. S3 and S4, respectively.

Fig. 3 TEM/EDS elemental mapping of AC, (a) scanned area, (b) carbon and sulfur elements, (c)
carbon element, and (d) sulfur element; and TEM/EDS elemental mapping of AC-PSR: (e) scanned area,
(f) carbon and sulfur elements, (g) carbon element, and (h) sulfur

3.1.3. Nitrogen adsorption/desorption isotherms
Nitrogen adsorption/desorption experiments were conducted on virgin AC and AC-PSR to
compare the surface area of AC before and after coating with PSR. The resulting graphs are shown
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in the Supplementary Information Fig. S1. Based on the updated classification of physisorption
isotherms by IUPAC [59], the BET isotherms for both AC and AC-PSR (Fig. S1) were of Type
I(b). This demonstrated that AC and AC-PSR primarily consisted of micropores with a diameter
< 2.5 nm, or possibly mesopores with a diameter ranging between 2.5 and 5 nm. A BrunauerEmmett-Teller (BET) isotherm was used to determine specific surface areas (SBET) from the
adsorption-desorption data, yielding SBET of 873.05 m2/g and 688.56 m2/g for AC and AC-PSR,
respectively.
To identify the PSR polymer decomposition temperature, and to determine weight loss
percentages of AC and AC-PSR which could affect the specific surface areas from the BET
isotherm analysis, thermogravimetric analysis (TGA) was performed on AC, PSR, and AC-PSR
up to 600 °C (Fig. 4). The TGA profile for activated carbon (the black solid line in Fig. 4) showed
an initial weight loss of ~7.5% at near 100 °C, which likely was due to the loss of moisture content.
After that, AC showed only a 3% weight loss up to 600 °C. The TGA graph for PSR (the blue
dotted line in Fig. 4a) showed a significant weight drop of ~71% at 286.2 °C, which was consistent
with results by Kalaee et al. (2009) [56]. This could be attributed to the polymer decomposition.
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Fig. 4 Thermogravimetric analysis (TGA) graphs for PSR, AC, and AC-PSR: (a) weight percent (%)
versus temperature (°C) and (b) derivative weight (%/°C) versus temperature (°C).

Fig. 4b shows that the maximum derivative weight for AC-PSR and PSR coincided at around
temperature of 250 °C, at which the PSR decomposed. On the other hand, the total weight loss of
AC-PSR was closer to that of AC than to PSR, since AC-PSR primarily consisted of activated
carbon (Fig. 4a). By subtracting the total weight loss of AC from that of AC-PSR, the weight
fraction of PSR in AC-PSR composite was estimated to be 3.5%.
Based upon TGA results, it was observed that both AC and AC-PSR lost a portion of their
weight when they were heated up to 250 °C during the nitrogen adsorption/desorption experiment.
Hence, the specific surface-area values obtained from BET isotherm were adjusted based on the
remaining mass percentages of AC (91.54%) and AC-PSR (94.21%) after heating up to 250 °C
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resulting from TGA (Fig. 4a). The preliminary SBET values were divided by these mass percentages
to be 953.74 m2/g and 730.88 m2/g for AC and AC-PSR, respectively.
The results indicated that the adjusted BET surface area of the modified activated carbon
decreased by almost 23%, presumably due to pore clogging by the PSR. These results were
consistent with a study in 2002 by Hsi and Rood [30], showing decreased total surface area of
activated carbon after sulfur impregnation. However, a 23% decrease in surface area was relatively
minor compared to the 72% decrease observed by Kim et al. in 2012 [55]. Discrepancies in surface
area reductions might stem from the use of different AC to PSR mass ratios for the adsorbent
synthesis (i.e., 2.0 in Kim et al. [36] and 0.75 in the current study), and the different types of
activated carbons used in the two studies. The results from surface area investigations indicated
that any potential increase in chromium adsorption capacity due to the PSR coating may be offset
by reductions in overall adsorption capacity for co-contaminants, such as organics, that are
adsorbed to the pore structure. However, this may not be particularly detrimental in chromium
remediation applications.
3.1.4 Point of zero charge
The potentiometric curves for measuring the point of zero charge of AC-SPR are shown in Fig.
5, in which the adsorbent and the blank sample curves intersected at pHpzc, AC-PSR = 4.8.
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Fig. 5 Point of zero charge for AC-PSR.

3.2. Evaluation of AC-PSR for aqueous Cr(VI) adsorption
3.2.1. Effects of pH
Fig. 5 shows the effect of solution's pH on the percentage of Cr(VI) removal, using AC and
AC-PSR having 10 mg/L Cr(VI) initially, a reaction time of 6 hr, and an adsorbent dose of 3.0
g/L. As indicated in Fig. 5, as the solution pH increased, the efficiency of Cr(VI) adsorption
decreased for both AC and AC-PSR; moreover, at pH = 3.0, AC-PSR showed a bit higher
percentage of Cr(VI) removal.
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Fig. 6 Effect of solution pH on Cr(VI) removal percentage (%) by AC and AC-PSR (initial Cr(VI)
concentration = 10 mg/L, reaction time = 6 hr, adsorbent dose = 3.0 g/L).

The decreasing trend observed in Fig. 6 might be attributable to changes in chromium
speciation and adsorbents’ surface charge as a function of pH. Hexavalent chromium generally
exists in one of three ionic forms: chromate (CrO42-), bichromate (HCrO4-), and dichromate
(Cr2O72-). However, chromic acid (H2CrO4) has a pka1 = 0.74 [60], which essentially makes it
irrelevant for environmental applications. Reduction to Cr(III) also occurs at pH < 2.0 [6,61],
which can lead to chromium desorption from the activated carbon; thus, extremely acidic
conditions generally are unfavorable. Chromic acid has a pKa2 = 6.49 [60], thus speciation shifts
from bichromate (HCrO4-) with a pKa of 5.98 to chromate (CrO42-), for pH values greater than
approximately 5.5 - 6.0 [62–64]. On the other hand, the point of zero charge of F400 activated
carbon has been reported previously to be pHpzc, AC = 6.5 [65], indicating that the surface charge of
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the activated carbon is positive in pH values lower than 6.5. Hence, the electrical attraction
between the positively charged surface of AC and the negatively charged bichromate/chromate
and dichromate anions was enhanced under slightly acidic conditions [66]. Finally, OH- ions at
higher pH values competed with the chromium species, thereby reduced Cr(VI) removal. For ACPSR, increasing pH inhibits the formation of Cr(VI)-thiolate complexes [50,67] which resulted in
decreased Cr(VI) removal efficiency. The protonated polysulfide chains at low pH values [54,68]
likely had greater affinity for Cr(VI) anions. In addition, the point of zero charge of AC-PSR was
obtained pHpzc, AC-PSR = 4.8 in Section 3.1.4, which indicated that AC-PSR composite is positively
charged in pH < 4.8. Therefore, the electrostatic attraction of Cr(VI) anions toward the AC-PSR
particles could be another reason for the enhanced Cr(VI) removal in acidic environments.
However, highly acidic pH might be impractical for large volumes of water, particularly for
highly buffered groundwaters. Therefore, the benefits of adjusting the pH to achieve acidic
conditions and enhanced chromium removal must be balanced against practical considerations
(e.g., chemical handling for acidification and neutralization) and cost. Instead, slightly acidic
conditions might prove to be optimal from a sustainability perspective. Hence, a pH of 4.0 was
selected for subsequent Cr(VI) experiments.
3.2.2. One-factor-at-a-time experiments
To investigate the effects of reaction time, initial chromium concentration, and adsorbent dose
on the percentage of Cr(VI) removal, one-factor-at-a-time (OFAT) experiments were designed and
conducted in batch mode (Table 1); pH was held constant at 4.0 in all experiments.
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Table 1 Experimental factors for one-factor-at-a-time (OFAT) tests1
Reaction
Initial Cr(VI)
Adsorbent
concentration
time
dose
(mg/L)
(hr)
(g/L)
6
2
3.0*
12
3
5.0
24
5
10.0
48*
10*
15.0
72
20
96
120
144
168
1
pH = 4.0 in all experiments
* Fixed level for each factor while other factors vary

Fig. 7 summarizes the results of the OFAT experiments. Fig. 7a shows that having an initial
Cr(VI) concentration of 10 mg/L, pH of 4.0, and a 48-hr reaction time, increases in the adsorbent
dose (i.e., increases in available chromium adsorption sites) resulted in lower final Cr(VI)
concentrations for both AC and AC-PSR. In fact, given the experimental conditions, an
approximately 9.0 g/L dose of AC-PSR was able to meet the MCL standards of the California
Environmental Protection Agency (CalEPA) [16] of 0.01 mg/L for Cr(VI) (see the inset in Fig.
7a). However, even ~15 g/L of AC failed to reach Cr(VI) concentrations under 0.3 mg/L, which
was much too beyond the Cal/EPA MCL standard of 0.01 mg/L.
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Fig. 7 Results of OFAT experiments for final Cr(VI) concentration vs. (a) adsorbent dose (reaction
time = 48 hr, pH = 4.0, initial Cr(VI) concentration = 10 mg/L); (b) initial Cr(VI) concentration (reaction
time = 48 hr, pH = 4.0, adsorbent dose = 3.0 g/L); and (c) reaction time (pH = 4.0, initial Cr(VI)
concentration = 10 mg/L, adsorbent dose = 1.0 g/L). Dashed lines indicate the maximum contaminant
level (MCL) for hexavalent chromium.

Fig. 7b shows how the initial Cr(VI) concentration affected removal efficiency for a fixed
reaction time of 48 hr, a constant AC or AC-PSR dose of 3.0 g/L, and a fixed pH of 4.0. Because
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the constant adsorbent dose provided a fixed number of adsorption sites, increases in initial Cr(VI)
concentration eventually saturated the adsorbent surface [69], thereby leading to an increase in the
final Cr(VI) concentration. This figure showed that 3.0 g/L of AC-PSR was able to achieve the
Cal/EPA MCL for Cr(VI) having initial Cr(VI) concentrations less than 4.2 mg/L.
As hypothesized earlier, in Section 3.1.3, AC-PSR may exhibit slower adsorption kinetics due
to diffusion limitations caused by the PSR coating because of a reduction in the surface area;
however, it also may exhibit a greater overall adsorption capacity under equilibrium conditions.
Fig. 7c supported this hypothesis by illustrating the relationship between the final Cr(VI)
concentration and the reaction time for a constant pH of 4.0, an adsorbent dose of 3.0 g/L, and an
initial Cr(VI) concentration of 10 mg/L. This figure showed that under the above-mentioned
experimental conditions, 1) virgin AC initially exhibited a more rapid removal; 2) AC-PSR
reached almost 100% removal, while virgin AC plateaued at 0.6 mg/L of Cr(VI); and 3) the Cr(VI)
MCL was met only by using AC-PSR after around 90 hr of reaction time.
3.2.3. Characterization of AC-PSR after Cr(VI) removal
3.2.3.1. EDS and TEM
Fig. 8 shows elemental mapping of AC and AC-PSR after being used for aqueous Cr(VI)
removal. Chromium element was detected on the surface of both used AC and used AC-PSR, as
shown in Figs. 8b and 8d for AC, and Figs. 8g and 8i for AC-PSR. For the used AC-PSR, the
circled area in Figs. 8g-j images shows a sulfur rich environment having an intense red color as an
indicator of high sulfur content (in Fig. 8j) and a weak green color as an indicator of lower carbon
content (in Fig. 8h). This indicated that the surface of AC was mostly covered with PSR in this
area. This area also had an intense blue color (in Fig. 8i), expressing its high chromium content.
Hence, the qualitative analysis of elemental maps in Fig. 8 suggested that the areas rich in PSR
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coating captured more chromium than other areas. Fig. 8j showed that AC-PSR retained a
significant amount of PSR even after being used for Cr(VI) adsorption. In Fig. 8b, the used AC
showed an intense green color for carbon with scarce blue and red spots, demonstrating that the
sulfur content of virgin AC was quite lower than that of AC-PSR. By comparing elemental maps
of the used AC and the used AC-PSR in Figs. 8d and 8i, it could be inferred that the quantity of
chromium on AC-PSR was greater than AC.

Fig. 8 TEM/EDS elemental mapping of AC after chromium adsorption: (a) the scanned area; (b) all
three elements, including carbon, sulfur, and chromium; (c) carbon, (d) chromium, and (e) sulfur; and
AC-PSR after chromium adsorption: (f) the scanned area; (g) al

Fig. 9 represents the results of the average elemental composition percentage for more than 40
arbitrary spots chosen on AC-PSR before and after Cr(VI) adsorption, which could provide a rough
estimation of the changes in elemental percentages before and after adsorption. The presence of
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sulfur element in the pre-adsorption and post-adsorption AC-PSR samples was indicative of
successful coating and retention of the polymer before and after treatment, suggesting the
reusability potential of this composite adsorbent.

Fig. 9 (a) Average elemental composition (in wt.%) of 40 spots chosen arbitrarily on AC-PSR before
and after Cr(VI) adsorption, resulting from EDS point analysis (error bars indicate standard deviation)
and (b) EDS spectrum of AC-PSR after Cr(VI) adsorption.

Fig. 10 shows TEM images of AC and AC-PSR before and after being used for Cr(VI)
adsorption. The unused AC was observed as an amorphous material in Figs. 10a and 10b. In Figs.
10e and 10f, the as-synthesized AC-PSR was also observed amorphous, without any detectable
boundary between PSR and carbon. No noticeable changes were observed between the TEM
images of unused AC and unused AC-PSR. Considering that both C and S elements were
previously detected in the elemental map of the as-synthesized AC-PSR (Fig. 3), Figs. 10e and 10f
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suggested that the PSR coating was in the form of molecules spread on the AC’s surface rather
than being a fully-covering coating layer. Figs. 10g and 10h showed that after Cr(VI) adsorption,
particles with a diameter in the range of 15-20 nm were formed on AC-PSR. Proposed by Kim et
al. [70], these particles could be Cr(III) that formed on the amorphous PSR surface. However,
TEM showed a different texture for the used AC. On the used AC, the spherical particles to indicate
precipitated Cr(III) were scarce, and AC mostly looked amorphous after Cr(VI) adsorption (Fig.
10 c, 10d). This could demonstrate that AC did not significantly reduce the adsorbed Cr(VI) to
Cr(III).
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Fig. 10 TEM images of: (a, b) unused AC, (c, d) AC after being used for Cr(VI) removal; (e, f) assynthesized AC-PSR, and (g, h) AC-PSR after being used for Cr(VI) removal.

3.2.3.2. XPS analysis
Surveys using X-ray photoelectron spectroscopy (XPS) were conducted on AC and the assynthesized AC-PSR, as well as on AC and AC-PSR after chromium adsorption in order to
investigate the adsorption and reduction mechanism of Cr(VI). Fig. 11 shows wide and narrowscan results of the XPS surveys. In the wide-scans, the as synthesized AC contained only carbon
peaks (Fig. 11a), while the as-synthesized AC-PSR contained carbon and sulfur (Fig. 11c) that
corresponded to the activated carbon and PSR, respectively. After adsorption of Cr(VI), chromium
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peaks were detected on both AC (Fig. 11b) and AC-PSR (Fig. 11d), and the S2s and S2p peaks
from sulfur remained on AC-PSR.

Fig. 11 Wide-scan XPS spectrum for: AC (a) before and (b) after Cr(VI) adsorption, and for AC-PSR (c)
before and (d) after Cr(VI) adsorption. S2p narrow-scan XPS spectrum for AC and AC-PSR (e) before
and (f) after Cr(VI) adsorption; Cr2p narrow-scan XPS spectrum.
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The S2p narrow scan XPS surveys of both AC and AC-PSR are shown in Fig. 11e and 11f for
before and after adsorption, respectively. These figures showed that the sulfur content of virgin
AC was insignificant compared to AC-PSR, confirming the TEM/EDS results in section 3.2.3.1.
AC-PSR showed multi-component S2P peaks before and after Cr(VI) adsorption. In Fig. 11e,
peaks at 165.1 eV, and 163.8 eV were assignable to S2p1/2 and S2p3/2 orbitals of thiol [71] in the
as-synthesized AC-PSR. The peak observed at around 168.5 eV was from S2P orbitals [72] which
could be assigned to sulfate in Na2S4 polysulfide polymers [73]. In AC-PSR after Cr(VI)
adsorption (Fig. 11f), thiol peaks were found at 164.8 eV and 163.7 eV for S2p1/2 and S2p3/2,
respectively. The slight bonding energy shift in S2p1/2 peak in the AC-PSR after Cr(VI) adsorption
relative to the AC-PSR before Cr(VI) adsorption might be attributed to the Cr(VI) reduction by
thiol compounds [72,74]. The sulfate peak remained at 168.5 eV after Cr(VI) adsorption.
Fig. 11g and 11h show narrow-scan XPS surveys of Cr2p to investigate the oxidation state of
chromium adsorbed onto AC and AC-PSR, respectively. For the used AC-PSR (Fig. 11h), the
Cr2p1/2 and Cr2p3/2 peaks were observed at around 586.9 eV and 577.3 eV in the XPS spectrum,
respectively. Consistent with Zhuang et al. (2014) [75] each of these peaks could be divided into
two peaks: 588.10 eV and 586.7 eV assigned to Cr2p1/2 of Cr(VI) and Cr(III) respectively, and
578.8 eV and 577.2 eV assigned to the Cr2p3/2 of Cr(VI) and Cr(III), respectively. This indicated
that both adsorption and reduction mechanisms were involved in aqueous Cr(VI) removal by ACSPR. For the used AC (Fig. 11g), peaks associated with Cr2p1/2 of Cr(VI) and Cr2p1/2 of Cr(III)
were observed at 578.3 eV and 587.0 eV, respectively [75], indicating that AC adsorbed Cr(VI)
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anions and also reduced some of them into Cr(III). However, Fig.10 demonstrated that the
reduction capability of AC was lower than AC-PSR.
3.2.4. Adsorption kinetics
Additional experiments were performed to investigate the kinetics and equilibrium conditions
for Cr(VI) adsorption on AC and AC-PSR having an initial Cr(VI) concentration of 20 mg/L, pH
of 4.0, and an adsorbent dose of 3.0 g/L. For these subsequent analyses, Cr(VI) adsorption was
described in terms of mass loading on the adsorbent, expressed as:
q=

(Co -C )V
m

(1)

where q is Cr(VI) loading on adsorbent (mg/g), Co is initial Cr(VI) concentration (mg/L), Ct is
final Cr(VI)concentration (mg/L), V is the volume of testing solution (L), and m is the mass of
adsorbent (g).
Fig. 12a shows the kinetics for Cr(VI) adsorption on AC and AC-PSR, both of which followed
a pseudo-second order model, according to the following equation [76,77]:
t
=
qt

1
t
+
qe 2 qe

(2)

where qt is Cr(VI) loading on adsorbent at time t (mg/g), qe is equilibrium Cr(VI) loading on
adsorbent (mg/g), k2 is the pseudo-second order adsorption rate constant ((mg/g)-1 hr-1), and t is
reaction time (hr). Table 2 summarizes the pseudo-second-order model parameters for both
adsorbents. The goodness of fit for the proposed kinetic model was evaluated using root-meansquare-error (RMSE) defined in Eq. 3, since the R2 value alone is not enough to validate the model
[77].
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RSME =

[(

)/

]

(3)

The results revealed that the overall rate constant for AC-PSR was k2, AC-PSR = 0.065(mg/g)-1
hr-1, which was lower than the corresponding rate constant for AC (k2, AC = 0.351 (mg/g)-1 hr-1).
This finding showed that despite a faster increase in Cr(VI) removal using AC-PSR after around
first 3 hours (Fig. 12 inset), the higher initial-adsorption rate using AC in the initial three hours
resulted in a higher overall reaction rate. The experimental equilibrium Cr(VI) loading onto ACPSR was qe, AC-PSR = 6.117 mg/g, which was higher than that for AC (qe, AC = 3.133 mg/g). This
indicated a significantly higher capacity for Cr(VI) adsorption of AC-PSR.

Fig. 12 Solid phase concentration and fitted pseudo-second-order adsorption kinetics for Cr (VI)
adsorption by AC and AC-PSR (pH = 4.0, adsorbent dose = 3.0 g/L, and initial Cr(VI) concentration = 20
mg/L).
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Table 2 Constants of pseudo-second order model for Cr(VI) adsorption onto AC and AC-PSR
Adsorbent

k2 (mg/g)-1hr-1

R2

RMSE* for q

AC
AC-PSR

0.351
0.065

0.998
0.999

0.213
0.170

3.2.5. Diffusion model
Adsorption generally involves three steps:
1) Film diffusion, in which the adsorbate ions/molecules are transferred from the bulk solution
to the boundary layer surrounding adsorbent’s particles;
2) Intraparticle diffusion, in which the adsorbate diffuses through the internal pores of the
adsorbent by pore diffusion (diffusion through the pore water) and/or surface diffusion (diffusion
of adsorbed ions/molecules onward the adsorbent’s internal surface); and
3) Attachment of the adsorbate to the final adsorption sites [6,78].
Generally, the last step occurs rapidly and is not a rate-limiting step; hence, the film diffusion
and intraparticle diffusion mechanisms determine the overall adsorption rate [78].
When the adsorbents initially come into contact with the solution, the pores fill with water,
which is known as pore water. In the first step of adsorption, metal ions transfer from the bulk
solution to the thin-film solution surrounding the adsorbent particle, which is known as the
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boundary layer. Overcoming external mass-transfer resistance, the adsorbate concentration
decreases in the bulk solution as the adsorbate ions become entrapped into the boundary layer
[78,79]. This film diffusion process is the adsorption-rate-governing mechanism until the
concentration of the adsorbate (e.g. metal ions) equilibrates in the bulk and boundary-layer
solutions. Further decrease of the adsorbate concentration in the bulk solution depends on
intraparticle diffusion of adsorbate ions/molecules by means of pore diffusion and/or surface
diffusion.
As mentioned previously, AC exhibited superior removal efficiency within reaction times less
than 2 hr, but AC-PSR was superior in reaction times longer than that. These behaviors could be
explained by Weber-Morris intraparticle diffusion model [49], expressed as:
q = kt0.5 + c

(4)

where q is adsorbate loading on adsorbent which is also called the solid phase concentration
(mg/g), t is the adsorption time (hr), k is the film or intraparticle diffusion rate constant (mg/ghr0.5), and c is a constant proportional to the boundary layer thickness (mg/g) [80,81]. Fig. 13
depicts the fitted linear models for diffusion of Cr(VI) onto AC and AC-PSR. The corresponding
parameters of these diffusion models are summarized in Table 3. If the plot of q versus t0.5 gives
a straight line that passes through the origin, it means that intraparticle diffusion is the sole ratecontrolling mechanism; however, a non-zero intercept means that another mechanism is involved
in adsorption [81]. Generally, the plot of q versus t0.5 may show several linear segments [82].
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Fig. 13 Linear plots of a Weber-Morris intraparticle diffusion model for Cr(VI) adsorption onto AC
and AC-PSR (pH = 4.0, adsorbent dose = 3.0 g/L, initial Cr(VI) concentration = 20 mg/L).

Table 3 Rate constants for the intraparticle diffusion kinetics of Cr(VI) adsorption onto AC and ACPSR
k (mg/g-hr0.5)
c (mg/g)
R2
Adsorbent
First
Second
First
Second
First
Second
stage
stage
stage
stage
stage
stage
AC
2.386
0.087
0.078
2.389
0.896
0.916
AC-PSR
1.373
0.152
0.521
4.725
0.983
0.924

Fig. 13 showed two distinct stages of linearity for each adsorbent, indicating a biphasic
adsorption (i.e., mass transfer) process. The rapid initial stage could be attributed to the film
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diffusion [80], resulted from intense interactions between the adsorbate and the adsorbent’s
external surface [83]. It could be observed in Fig. 13 that the first stage (i.e., the film diffusion
stage) of AC was faster and shorter compared to the first stage of AC-PSR (kfirst stage, AC = 2.386
mg/g-hr0.5 vs. kfirst stage, AC-PSR = 1.373 mg/g-hr0.5). The second linear segments in Fig. 13, which
were slower compared to the first linear segments, could be attributed to the intraparticle diffusion
stage. In this stage, the diffusion rate was 1.7 times faster when using AC-PSR compared to AC
(ksecond stage,

AC

= 0.087 mg/g-hr0.5 vs. ksecond stage, AC-PSR = 0.152 mg/g hr0.5). On the other hand,

parameter c, which is related to the boundary layer thickness, was greater in both stages for ACPSR, compared to AC.
This phenomenon could be explained by the differences between the surface characteristics of
AC and AC-PSR. As mentioned in Section 3.2.1, under acidic conditions AC and AC-PSR were
positively charged and the polysulfide group in PSR was protonated [54,62,68]. Thus, it could be
stated that AC-PSR possessed a stronger electrostatic attraction for Cr(VI) anions because of the
PSR contribution. This led to a thicker boundary layer in AC-PSR, holding more Cr(VI) anions in
a longer effective distance. On the other hand, BET surface-area analysis showed that the PSR
coating filled the internal pores in AC-PSR to some extent, so that the anions in boundary layer
could not enter the pores as fast as they could in AC. Hence, in the initial adsorption time, despite
the thicker boundary layer in AC-PSR holding more Cr(VI) anions around the particles, AC could
capture rapidly more anions from the boundary layer into its free internal pores (see Fig. 14). That
is why in first linear stage – the film diffusion stage – AC showed a higher adsorption capacity
(greater q values for AC in the first diffusion stage in Fig. 13) than AC-PSR in reaction times less
than around 2 hr. After reaching the maximum boundary layer thickness, a further reduction in
Cr(VI) concentration relied on the diffusion of Cr(VI) anions inward to the adsorbent’s internal
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pores. Adsorbate ions entering the adsorbent’s internal pores resulted in freeing up space in the
boundary layer to uptake more anions from the bulk solution and consequently, further reduction
in Cr(VI) concentration. The adsorption rate of Cr(VI) by AC in the second stage, attributed to
intraparticle diffusion-controlled stage, decreased by the factor of 27.4 relative to its first stage.
Using AC-PSR, the first stage lasted 12 hr, during which Cr(VI) was removed from the solution
simultaneously by both reduction due to PSR coating, and electrostatic attraction. Due to the
contribution of the PSR, the thicker boundary layer in AC-PSR filled slower than for AC. In the
second stage of AC-PSR (i.e., the intraparticle-controlled stage), the Cr(VI) removal rate decreased
by a factor of 9.0 relative to its first stage. The overall intraparticle diffusion rate in AC-PSR was
greater than AC, presumably due to the chemical reduction of Cr(VI) by the PSR coating; which
also enhanced removal capacity of this composite material.
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Fig. 14 Schematic of (a) AC and (b) AC-PSR particles in a Cr(VI) solution during stages controlled
by film diffusion (corresponding to first linear segment in Fig. 13). Although AC had a thinner boundary
layer, its pores were filled faster than for AC-PSR.

The enhanced adsorption capacity of AC-PSR manifested in its capability to achieve a removal
efficiency of 91.8% after 96 hr, compared to a 47% removal efficiency for virgin AC, having 20
mg/L Cr(VI) initially, pH of 4.0, and an adsorbent dose of 3.0 g/L (Fig. S2 in the Supplementary
Information). These kinetic models suggested that for Cr(VI) treatment, virgin AC might be more
suitable in batch or column operations with short contact times. On the other hand, AC-PSR would
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be more suitable for applications with longer contact times, such as in porous active barriers and
liners in landfills, constructed wetlands, and tailing dams.
3.2.6. Adsorption isotherms
Adsorption isotherms were developed using a fixed sample volume of 100 mL and a constant
initial Cr(VI) concentration of 20 mg/L, with various doses of AC or AC-PSR (e.g., 1, 2, 3, 5, 10,
15 g/L). Reaction times of 24-hr and 72-hr were selected as the equilibrium times for running
isotherm experiments using AC and AC-PSR, respectively (resulted from Fig. S2).
Fig. 15 shows the Langmuir isotherm model for virgin AC and AC-PSR as the best-fit model.
The Langmuir model assumes equilibrium with a fixed number of surface sites, which eventually
become saturated by adsorbate [84,85].
Ce
1
1
=
+
C
qe QM bA QM e

(5)

where qe is the equilibrium loading of Cr(VI) onto activated carbon (mg/g), Ce is the
equilibrium aqueous phase concentration of Cr(VI) (mg/L), QM is maximum adsorbate loading
when surface sites of adsorbent have been saturated (mg/g), and bA is Langmuir adsorption
constant (L/mg) indicative of adsorption energy [18]. The isotherm constants associated with the
Langmuir model obtained for AC and AC-PSR can be found in Table 4.
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Fig. 15 Langmuir isotherm model for Cr(VI) adsorption onto AC and AC-PSR (pH = 4.0, initial
Cr(VI) concentration = 20 mg/L).

Table 4 Langmuir Isotherm model constants describing the adsorption of Cr(VI) onto AC and ACPSR
QM (mg/g)

bA (L/mg)

R2

RMSE for q

RL

AC

3.472

0.391

0.988

0.111

0.113

AC-PSR

8.929

0.696

0.995

0.112

0.067

High coefficient of determinations and low root mean square errors (RMSE) of q obtained for
Langmuir isotherm models of both adsorbents indicated that this model properly described the
experimental data. A higher value of QM obtained for AC-PSR indicated its higher Cr(VI)
adsorption capacity, compared to virgin AC, and the greater bA value for AC-PSR indicated a
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higher Cr(VI) affinity to bind with AC-PSR than to AC (Table 4) [86]. This demonstrated that the
PSR coating improved the Cr(VI) adsorption capacity of AC by enhancing its binding affinity for
Cr(VI).
In the Langmuir model, the favorability of adsorption could be described by the dimensionless
parameter RL [67]:
RL =

1
(1+bCo )

(6)

where b is the Langmuir constant (L/mg) and Co is initial Cr(VI) concentration (mg/L).
Adsorption is considered ‘irreversible’ for RL < 0, ‘favorable’ for 0 < RL < 1, ‘linear’ for RL = 1,
and ‘unfavorable’ for RL > 1 [77,87]. The RL values for Cr(VI) adsorption onto AC and AC-PSR
were 0.113 and 0.067, respectively, indicating a ‘favorable’ nature of adsorption for both
adsorbents. In addition, a lower RL value for AC-PSR indicated that Cr(VI) adsorption onto ACPSR was closer to an irreversible adsorption, suggesting a stronger affinity of AC-PSR for Cr(VI)
adsorption compared to AC.
3.3. AC-PSR regeneration and reuse
This study, for the first time, evaluated the reusability potential of the AC-PSR composite for
aqueous Cr(VI) removal. The results are shown in Fig. 16.
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Fig. 16 Cr(VI) removal efficiency of regenerated AC-PSR during four consecutive treatment cycles
(pH = 4.0, initial Cr(VI) concentration = 10 mg/L, AC-PSR dose = 3.0 g/L, reaction time = 24 hr). Error
bars represent standard deviation of duplicated experiments.

Fig. 16 indicated that AC-PSR’s Cr(VI) removal efficiency enhanced by ~ 8% after the first
cycle. After the second cycle with 98% Cr(VI) removal, the regenerated particles mostly
maintained their entire removal capacity after two additional successive cycles. These results
suggested that AC-PSR’s capacity for Cr(VI) removal enhanced after acid treatment. This could
be due to the increased positive surface charge of the AC-PSR after acid modification, which is
favorable for Cr(VI) removal (as discussed in Section 3.2.1) [18]. In addition, as suggested by
Babel et al. (2004) [18], acid modification could result in formation of more acidic C=O groups
on activated carbon’s surface, thus, enhancing its Cr(VI) sorption affinity.
Reusability experiments demonstrated a remarkable reusability potential of the AC-PSR
composite, showing no capacity loss after four consecutive treatment cycles. This is a remarkable
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feature to make an adsorbent economically and environmentally favorable for industrial
applications. In addition, based on the obtained results, employing an acid washing step after
synthesizing AC-PSR could be considered in order to boost its Cr(VI) removal efficiency at the
first use.
4. Comparison of AC-PSR performance with other adsorbents for Cr(VI) removal
In order to compare the performance of AC-PSR for Cr(VI) removal with previously developed
adsorbents, Table 5 compares Cr(VI) removal efficiency of AC-PSR with different types of
activated carbon and polymer containing adsorbents.
As seen in Table 5, the Cr(VI) removal efficiency of both coconut-shell charcoal (CSC) and
commercial activated carbon (PHO8/35 LBD) (CAC) enhanced after nitric and sulfuric acid
treatments [18]. However, CAC showed higher removal efficiencies than CSC using 7 to15 times
less adsorbent doses in all three cases. Regarding polymer containing adsorbents, the chitosancitric acid nanoparticles showed a high removal efficiency of ~83% for 50 mg/L Cr(VI) solution
at pH = 4.0 [88], and the thiol-modified cellulose nanofibrous composite membrane showed a 93%
removal efficiency after three cycles [50]. Activated carbon coated with quaternized Poly(4vinylpyridine) showed an 85% removal for a 9.23 mg/L Cr(VI) solution at pH = 3.9 [10]. However,
polyethyleneimine impregnated activated carbon showed a relatively low removal efficiency of
38% for a 20 mg/L Cr(VI) solution at pH = 4.0, in its first use [32]. The polysulfide rubber
polymer-coated activated carbon used in this study showed 98% removal for 10 mg/L Cr(VI)
solution after four treatment cycles at pH = 4.0.
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Carbon- based
Polymer containing

Table 5 Comparison of different types of activated carbon and polymer containing adsorbents for
Cr(VI) removal (under similar experimental conditions with the current study).
Cr(VI) removal
Initial
efficiency (%)
Cr(VI)
Adsorbe
Ref.
Adsorbent
concentratio pH nt dose
Fresh
Reused
n
(g/L)
adsorbe
adsorbent
(mg/L)
nt
As synthesized Coconut20
6.0 22.5
60
Not reported [18]
shell charcoal
Coconut-shell charcoal
20
6.0 16.5
75
Not reported [18]
oxidized with sulfuric acid
Coconut-shell charcoal
20
4.0 10.5
98
Not reported [18]
oxidized with nitric acid
As received Commercial
20
6.0 1.5
90
Not reported [18]
activated carbon
Commercial activated
20
6.0 1.5
100
Not reported [18]
carbon oxidized with
sulfuric acid
Commercial activated
carbon oxidized with
20
6.0 1.5
100
Not reported [18]
nitric acid
Hazelnut shell activated
100
4.0 2.5
60
Not reported [11]
carbon
Peanut shell activated
50
4.0 2.5
42
Not reported [20]
carbon
Rubber wood sawdust
200
4.0 1.0
10
Not reported [21]
activated carbon
Polyethyleneimine
impregnated activated
20
4.0 2.0
38
Not reported [32]
carbon
Chitosan-citric acid
83.5- after
50
4.0 3.0
83
[88]
nanoparticles
three cycles
Thiol-modified cellulose
Not
Not
93- after
50
4.0
[50]
nanofibrous composite
reported reported three cycles
membrane
Activated carbon coated
with quaternized poly(49.23
3.9 1.0
85
Not reported [10]
vinylpyridine)
Polysulfide rubber-coated
98- after four This
10
4.0 3.0
89
activated carbon
cycles
study
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5. Conclusions
The results revealed that the polysulfide rubber polymer successfully coated onto Filtrasorb400 granular activated carbon and enhanced its adsorption capacity for hexavalent chromium.
Despite reductions in the pore surface area due to the PSR coating, AC-PSR proved to be a superior
adsorbent with enhanced Cr(VI) adsorption capacity, suitable for applications that allowed for
extended reaction times. Kinetic study of Cr(VI) adsorption indicated pseudo-second order
reaction models for both adsorbents, although the process was biphasic in nature. The initial step
of film diffusion was slower for AC-PSR, but intraparticle diffusion appeared to be faster, resulting
in a higher adsorption capacity for PSR-coated activated carbon. The removal could be enhanced
even further in lower pH values, presumably due to the effects of chromium speciation, the surface
charge of adsorbents, and formation of Cr(VI)-thiolate complexes in AC-PSR. Adsorption
isotherm data were fitted to a Langmuir model for both AC and AC-PSR, showing a higher
predicted maximum Cr(VI) loading for AC-PSR and a stronger binding between Cr(VI) and ACPSR than AC. Results from XPS analysis showed that reduction of Cr(VI) to Cr(III) occurred using
both AC and AC-PSR, while TEM analysis indicated that the used AC-PSR contained significantly
more precipitated Cr(III) compared to the used AC.
This study for the first time demonstrated a remarkable regeneration and reusability of a
composite material for Cr(VI) removal by showing no efficiency loss after four consecutive
treatment cycles. This further proved the supremacy of AC-PSR, as an excellent adsorbent for
industrial applications, to virgin AC.
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Based on the findings of this study, it could be concluded that AC-PSR is a potential modified
adsorbent for use in the treatment of waters contaminated with hexavalent chromium. AC-PSR
could be considered for applications having prolonged contact times, such as in situ groundwater
remediation applications and permeable reactive soil barriers. This study was primarily focused
on Cr(VI) removal from a synthetic wastewater. Further studies need to evaluate the efficiency of
AC-PSR composite adsorbent for the treatment of wastewaters containing other organic and
inorganic contaminants.
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Chapter 2 Supplemental Information

Fig. S1 BET isotherm resulted from nitrogen adsorption/desorption test for (a) AC, and (b) AC-PSR.
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Fig. S2 Cr(VI) removal percentage (%) versus adsorption time (hr) using AC and AC-PSR related to
kinetics study (pH = 4.0, adsorbent dose = 3.0 g/L, initial Cr(VI) concentration = 20 mg/L).

Fig. S3 TEM/EDS mappings of sulfur element from (a) AC, and (b) AC-PSR.
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Regarding Fig. S3:
In TEM/EDS analysis, even if any specific element does not exist, coarse spots can be
generated because of a background signal. In addition, EDS software signifies a storing signal with
a smaller spot, while it generates a larger spot for a weak signal. Insets in Fig. S3a, b show that the
EDS generated larger spots for sulfur element in AC, while the spot sizes were smaller in ACPSR.

Fig. S4 SEM/EDS maps of AC: (a) scanned area, (b) carbon element, (c) sulfur element; and of ACPSR: (d) scanned area, (e) carbon element, (c) sulfur element.
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Abstract
Nano-scale zero-valent iron (nZVI) particles are one of the efficient materials for water
treatment. However, their tendency for agglomeration is one of the major reported drawbacks. In
this study, nZVI particles were immobilized onto activated carbon (AC/nZVI) using a two-step
synthesis procedure and were applied for simultaneous adsorption and reduction of hexavalent
chromium (Cr(VI)) from aqueous solutions. Synthesized AC/nZVI was characterized by SEM,
EDS, XRD, XPS, and the Tafel corrosion test. The effects of varying annealing temperatures and
times in the first synthesis step were investigated by examining crystal structure changes in the
final AC/nZVI samples using XRD, and by running Cr(VI) removal batch experiments.
Consequently, the best annealing conditions that provided the AC/nZVI composite with the
greatest amount of Cr(VI) removal was determined. The Cr(VI) removal experiments showed that
the optimized AC/nZVI was significantly superior than virgin AC applied under the same
conditions. A pseudo-second-order model was found to be a good fit for both the AC and AC/nZVI
data, showing that Cr(VI) removal rate was 2.2 times faster when using AC/nZVI compared to AC
(k

AC/nZVI =

0.363 g mg-1 hr-1 vs. k

AC =

0.164 g mg-1 hr-1). Weber and Boyd kinetics models were

used to study adsorbate diffusion in AC and AC/nZVI. Isotherm studies revealed that both
Freundlich and Langmuir isotherms could describe the AC data, while the Freundlich model was
well suited for AC/nZVI. Comparing the constants of the Freundlich models, AC/nZVI showed
33-times higher adsorption capacity and a greater affinity for Cr(VI) than did AC. Reusability of
AC/nZVI for Cr(VI) treatment was assessed by regenerating the adsorbent and indicated that the
material maintained a 68% removal efficiency after five cycles.
Keywords: Activated carbon composite; Cr(VI) reduction; Intraparticle diffusion mechanism;
Adsorption kinetics; Immobilized iron oxide species.
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1. Introduction
Heavy metals, which generally are distinguished as having densities greater than 5 g/cm3 [1],
often are considered to be among the most hazardous aqueous contaminants due to their toxicity
and long-lasting adverse effects on public health [1,2]. Some trace metals – including zinc, nickel,
chromium, copper, cobalt, vanadium, and tungsten – are important for bacterial metabolic activity
and enzyme production; however, these metals can be toxic to bacteria at elevated concentrations
[3]. Exposure to metals can lead to the proliferation of bacterial antibiotic resistance as the
resistance mechanisms are similar for both groups of contaminants [4]. Therefore, metals
remediation is critical for the protection of both public and environmental health.
Chromium is one of the heavy metals that is an important environmental issue in industrial
areas, due to substantial release of chromium during anthropogenic activities [5]. This includes
discharge of a considerable amount of chromium into surface waters by electroplating, leather
tanning and textile industries, as well as seepage of chromium-containing leachate from
improperly disposed chromium-contaminated solid wastes [5,6]. The most common oxidation
states of chromium are trivalent (Cr(III)) and hexavalent (Cr(VI)). Hexavalent chromium is
considered a toxic and carcinogenic water contaminant due to its water solubility, mobility, and
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penetration into cell membranes [7]. The United States Environmental Protection Agency
(USEPA) has regulated the Maximum Contaminant Level (MCL) for total chromium in drinking
water at 0.1 mg L-1 [8], and the California Environmental Protection Agency (Cal/EPA) has
regulated the MCL for hexavalent chromium as under 0.01 mg L-1 [9] 3.
Adsorption has been proven to be an effective and inexpensive way for Cr(VI) remediation
[10–14]. Activated carbon (AC) is the most widely used adsorbent because it is cost effective and
abundant. However, a low reaction rate and difficult regeneration are disadvantages to using
activated carbon [15], which has led to investigations for methods to improve its reactivity.
On the other hand, zero-valent iron nanoparticles (nZVI) are highly beneficial for treatment of
heavy metals [16–18]. ZVI is a strong reductant due to the negative standard potential (E0= -0.44
V) of Fe2+/Fe0 couple [19]. The reduction of Cr(VI) by nZVI particles occurs by the direct electron
transfer from Fe0 to Cr(VI), which yields Fe2+ and Cr(III), as follows [20]:
2HCrO4− + 3Fe0 + 14H+→ 2Cr3+ + 3Fe2+ + 8H2O

(1)

2CrO4− + 3Fe0 + 16H+→ 2Cr3+ + 3Fe2+ + 8H2O

(2)

The subsequent reduction of Cr(VI) to Cr(III) by Fe+2 are:
HCrO4− + 3Fe2+ + 7H+→ 2Cr3+ + 3Fe3+ + 4H2O

(3)

2CrO42− + 3Fe2+ + 8H+→ 2Cr3+ + 3Fe3+ + 4H2O

(4)

and the co-precipitation of Fe(III)/Cr(III) are:
(1-n) Fe3+ + nCr3+ + 3H2O → CrnFe1−n(OH)3 + 3H+

(5)

(1-n) Fe3+ + nCr3+ + 2H2O → CrnFe1−nOOH + 3H+

(6)

3

Based on California Water Boards announcement, as of September 11, 2017, the maximum
contaminant level for hexavalent chromium is no longer in effect. Total chromium still regulated at 50 μg/L.
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However, application of nZVI particles alone for aqueous contaminant removal may not be
very effective due to:
1) Their intense tendency for agglomeration by their inherent magnetic properties, resulting
in reduced surface area and reactivity [20–22];
2) Formation of precipitates induced by a high oxidative property, resulting in reduced
available Fe0 for contaminant reduction [21]; and
3) The interaction with other materials in the environment [21].
In addition, the separation of nZVI particles from the treated aqueous phase or contaminated
soil is difficult [22].
To overcome these disadvantages, immobilization of nZVI particles in a porous media has
been considered and used to improve their dispersity, thus, boost their reactivity. Several materials
have been reported in the literature as supporting media for nZVI, such as activated carbon [23],
biochar [20], carbon nanotubes [24], silica [25], bentonite [26,27], humus [28], and chitosan [29].
Lv et al. (2011) [24] synthesized nZVI-MWCNT nanocomposite using an ultrasonication and
borohydride reduction technique. They used the synthesized composite for Cr(VI) removal and
compared it with an activated carbon-nZVI composite synthesized using the same method.
Running all the batch experiments under nitrogen environment at 30°C, they obtained 100% and
60% removals of 20 mg L-1 Cr(VI) by nZVI-MWCNT and AC-nZVI, respectively. Coexistence
of SO42-, SO3-, and HCO3- negatively affected Cr(VI) removal, while PO43- and SiO32- did not
significantly affect the removal process. They found a pseudo-first order model as the best fit to
describe the kinetics of the process. However, the iron dissolution and the reusability potential of
the composite were not investigated. Wu et al. (2013) [15] synthesized C-Fe0 composite with
various nZVI loads by repeating physical mixing of nZVI and activated carbon. However, the
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synthesis procedure for preparing different-loaded composites and measuring their nZVI load were
not clarified. The composite particles were then used for micro-electrolysis of Cr(VI), resulted in
99.9% removal using C-Fe0 with an nZVI load of 10.9%. The reaction kinetics, iron release from
the C-Fe0 to the solution, and reusability of the composite material were not investigated. Xu et al.
(2014) [23] prepared nZVI/AC composites through borohydride reduction technique using poly
ethylene glycol (PEG) as a dispersing agent. The AC was first washed by 5 M HCL and then dried
at 120 °C overnight, prior to use for composite synthesis. They obtained nearly complete removal
of Cr(VI) after 60 min using 0.5 g L-1 nZVI/AC, pH = 5.0, with the initial Cr(VI) concentration =
10 mg L-1. They reported that iron concentration in the 1 mg L-1 Cr(VI) solution with 0.5 g L-1
nZVI/AC reached 0.96 mg L-1 after 5 min. However, they did not report the rate of iron
concentration decrease in the treating samples. Reusability investigations and adsorption isotherms
were not studied. Dai et al. (2016) [30] used carbothermal method for synthesizing ordered
mesoporous carbon (OMC)-supported nZVI (nZVI/OMC), which was subsequently used for
Cr(VI) reduction. Applying different carbonizing temperatures ranging from 500 to 1000 °C with
a 100 °C interval, they showed that up to 700 °C, the material mainly consisted of Fe3O4/OMC.
At 800 °C, iron phases were α-Fe and FeO. At 900 and 1000 °C, diffraction peaks corresponded
to α-Fe and γ-Fe were appeared indicating that at those temperatures, all Fe3O4 species were
converted to Fe0. Using 20 g L-1 nZVI/OMC synthesized at 900 °C, with an initial Cr(VI)
concentration of 25 mg L-1, and pH = 4.0, nearly complete removal was reported after 15 min. The
regenerated nZVI/OMC showed around 60% removal after five cycles. The kinetics of Cr(VI)
removal and adsorption isotherms were investigated. Zhaung et al. (2014) [31] also used
carbothermal method (700-900 °C) for synthesizing a porous carbon encapsulated iron (Fe@PC)
using a starch as the carbon precursor. The material synthesized at 750 °C for 1 hr was used for
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Cr(VI) removal, which showed 99.5% Cr(VI) removal after 90 min having an initial Cr(VI)
concentration of 5 mg L-1 and adsorbent dose of 2 g L-1. The regenerated particles after 1 hr stirring
in a HCL-HNO3 mixture showed around 90% Cr(VI) removal in the 3rd treatment cycle. They
showed a three-stage intraparticle diffusion of Cr(VI) ions in the adsorbent using the Weber model.
To verify low iron leaching, they dispersed the Fe@PC particles in an HCL solution and heated it
to 80 °C, then analyzed that with TG which showed the same TG graph as the original composite.
Hoch et al. (2008) [32] investigated carbothermal synthesis (600- 800 °C) of compressed carbon
black-supported nZVI (C-Fe0). They showed that at 300-500 °C, peaks from Fe3O4 dominated the
XRD pattern, and the reduction to Fe0 occurred at above 600 °C. A suspension of C-Fe0 mixed
with carboxymethylcellulose (C-Fe0/CMC) was used for Cr(VI) removal. At a 10:3 Fe/Cr mole
ratio, they showed a Cr(VI) concentration reduction from 10 mg L-1 to 1 mg L-1 after three days of
agitation. The reaction kinetics, adsorption isotherms, and reusability of the material were not
studied. It is also worthy to note that among all the mentioned papers, only Xu et al. (2014) [23]
have reported iron concentration in the treated solution.
Even though using borohydride salts for the reduction of iron oxides to the elemental iron
might not be as easy as using carbothermal reduction method at elevated temperature [32], the
costs associated with energy consumption to provide temperatures above 600 °C should also be
taken into account, specifically when synthesizing in large quantities for industrial applications. In
additions, as shown by Zhuang et al. (2014) [31], although increasing the temperature reduced the
iron oxides on a porous carbon to Fe0, it changed the functional groups and porous structure of the
carbon as well. They showed decreased amounts of C-H groups by elevating temperature above
800 °C, which adversely affected Cr(V) adsorption. Moreover, they demonstrated that high
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temperatures can enlarge micropores to mesopores in the carbon, which is not favorable for the
adsorption process [31].
In this study, a two-step synthesis procedure including (1) annealing, and (2) borohydride
reduction was employed for immobilizing nZVI particles onto AC. For the first time, the annealing
conditions (in the first synthesis step) were optimized by correlating various annealing
temperatures and times with the phase structures of the resultant composite materials (designated
as AC/nZVI) and their Cr(VI) removal efficiencies. We showed that by using a significantly lower
annealing temperature compared to the carbothermal reduction method, that saves a considerable
amount of energy, followed by a borohydride reduction step, the resultant composite material
showed a remarkable Cr(VI) removal efficiency with a high stability of iron particles and also a
high reusability efficiency.
This is the first study suggesting that in addition to ZVI, the presence of iron oxide in the
composite could also be advantageous for Cr(VI) removal. To the best knowledge of the authors,
the previous studies dealing with nZVI immobilized on various supporting media have not
investigated the effects of different iron species present in the nZVI-containing composite on its
Cr(VI) removal efficiency. In additions, this study for the first time used both the Weber and Boyd
diffusion models to investigate and compare the intraparticle diffusion of Cr(VI) ions by the
AC/nZVI composite and the virgin AC. Optimized AC/nZVI was then further characterized by
EDS, XPS and Tafel corrosion tests, and its effectiveness for Cr(VI) removal was compared to the
virgin AC. In addition, the reaction kinetics and adsorption isotherms were investigated. This study
for the first time demonstrated a high level of nZVI immobilization onto an AC matrix by
measuring dissolved iron concentration in the treated samples. Finally, the reusability of AC/nZVI
was evaluated by regenerating the particles. Results of this study could be beneficial for future
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application of AC/nZVI for remediation of industrial wastewater or in-situ groundwater
remediation.
2. Materials and Methods
2.1. Reagents
Filtrasorb-400 (F400) granular activated carbon, having an effective size of 0.55 mm - 0.75
mm (Calgon Carbon Corporation), was washed in deionized water and dried in an oven preceding
impregnation and testing. Iron (III) chloride hexahydrate (FeCl3.6H2O, 97% assay, Sigma-Aldrich
Corp.), sodium borohydride (NaBH4, MP Biomedicals Corp.), sodium hydroxide (NaOH, 97.0%
assay, Sigma-Aldrich Corp.), hydrochloric acid (HCL, 36.5-38.0%, J.T.Baker) and sodium
chloride (NaCl, 99.0% assay, J.T.Baker) were used as received.
2.2. Synthesis of AC/nZVI
2.2.1. Method of synthesis
Several different methods for incorporating zero-valent iron nanoparticles in carbon-based
materials have been reported in the literature [15,20,24,33,34]. The method of synthesis used in
this study was the incipient wetness method as adopted from Choi et al. (2008) [34], using F400
GAC as the supporting media and iron chloride hexahydrate (FeCl3.6H2O) as the source of iron.
Some other adjustments were made to make the synthesis procedure easy to conduct under mild
laboratory conditions.
The synthesis procedure includes two main steps: (1) annealing the mixture of AC/iron
chloride, which produces AC/iron oxide, followed by (2) borohydride treatment to reduce the
immobilized iron oxides on AC’s surface to Fe0. Briefly, 22.8 g of FeCl3.6H2O was melted at 60
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°C for 45 min (VWR oven F air 3.65 CF, Germany) with 10 mL deionized (DI) water added. The
melted material was mixed with 10 g F400 granular activated carbon and stirred for 10 min. The
mixture was dried in a vacuum oven (DZF-6020-FP, MTI corporation, USA) at 25 °C for 1 hr,
followed by a temperature increase to 60 °C for 4 hr. The dried AC/FeCl3 that was obtained was
annealed in the tube furnace (TF55035A-1 Thermo Scientific Lindberg/Blue M Tube Furnace,
USA), which was equipped with argon gas purging, at 180 °C for 1 hr to remove any residual
solvents. This was followed by an increased temperature of 200 °C to 500 °C, held for 1-4 hr to
remove the chloride ions. The resulting AC/iron oxide was left in the tube furnace under an argon
environment for around 5 hr to cool down to room temperature (22 ± 1 °C).
For reduction of iron oxides into Fe0, a solution of 2.11 mol L-1 sodium borohydride (NaBH4)
was prepared and added drop-wise (1 drop/sec) to the suspension mixture of AC/iron oxide in DI
water and methanol (v:v 70:30), while the mixture was stirred magnetically and bubbled with
argon gas. To enhance the reduction of iron, the pH of the suspension mixture already had been
adjusted to above 6.5 (SevenExcellence Multiparameter pH meter, Mettler-Toledo GmbH,
B718076659, Switzerland), using 5 N NaOH solution. After the complete addition of NaBH4, the
system was stirred for an additional 3 hr, along with argon bubbling to expel the hydrogen gas that
was produced. The obtained material, AC/nZVI, was separated using sieve No. 20 (850 μm
opening, ASTM), washed with 20 mL of methanol and ethanol, three times for each, and dried
under vacuum conditions at room temperature for around 6 hr. The material was preserved under
a vacuum until it was used for Cr(VI) removal experiments or material characterization tests.
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2.2.2 Optimization of annealing temperature and time
In order to understand the influence of the annealing process on the crystal structure of the
final AC/nZVI composite and its Cr(VI) removal performance, the following various annealing
temperatures and times were applied in the first synthesis step:
1) In various annealing temperatures (200 °C, 300 °C, 400 °C, and 500 °C) for a 4 hr period,
and
2) In various annealing times (1, 2, 3 and 4 hr) at a fixed temperature of 300 °C.
The various-annealed AC/iron oxide samples were then subjected to borohydride reduction to
obtain the final AC/nZVI composites. Analysis by X-ray diffraction (XRD) on all the final
AC/nZVI samples allowed the evaluation of the effects of various annealing conditions on the
crystal structure. In terms of improving AC/nZVI reactivity for Cr(VI) removal, a set of adsorption
experiments in a batch mode also was conducted using various AC/nZVI samples to determine the
optimum sample.
2.3. Point of zero charge of AC/nZVI
The point of zero charge of AC/nZVI was determined by the solid addition method [35,36].
Briefly, seven samples were prepared by adding 45 mL of 0.1 mol L-1 NaCl solution (0.263 g NaCl
in 45 mL DI water) in 50 mL volumetric flasks. The pH of the solutions was adjusted to 3.0, 4.0,
5.0, 6.0, 7.0, 8.0, and 9.0 by adding either 0.1 M HCl or 0.1 M NaOH. After the initial pH (pHi)
adjustment, the total volume of solution in each flask was adjusted exactly to 50 mL by further
addition of 0.1 mol L-1 NaCl solution. Then, 0.1 g of AC/nZVI was added to each flask, and the
mixtures were placed on the shaker for 48 hr. After termination of shaking time, the final pH (pHf)
of the samples was measured, and the difference between pHi and pHf (pHf - pHi) of each sample
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was plotted against pHi. The pH value at the x-intercept in the resultant graph was considered as
the point of zero charge (pHPZC).
2.4. Cr(VI) removal batch experiments
To conduct Cr(VI) adsorption tests, a 1,000 mg L-1 stock solution of potassium dichromate
(K2Cr2O7) was prepared and acidified to a pH below 2.0, using 37.5% concentrated hydrochloric
acid (HCl); this solution was kept refrigerated (4 °C) for further dilution to the desired
concentrations (5, 10, or 15 mg L-1). Batch experiments were conducted using 100 mL Cr(VI)
solutions. The pH of the solutions was adjusted to predetermined values (4.0, 7.0, 10.0) using
diluted HCl or sodium hydroxide (NaOH). Then, the adsorbents were added to the pH-adjusted
solutions (0.5, 1, 1.5, 2, 2.5 g L-1), and the samples were placed on a rotary shaker at 40 rpm for
predetermined reaction times (0.5, 1, 2, 3, 6, 7, 8, 12, 24, 48, 72, 96, 120 hr). After termination of
the shaking time, the treated solutions were filtered, using 0.45-μm syringe filters (SEOH Products,
USA) to remove the adsorbent particles. Filtered Cr(VI) solutions were subjected to colorimetric
analysis based on the 1,5-diphenylcarbohydrazide method [37] (3500 Cr B and Hach Method
8023), using a DR/890 Colorimeter (Hach, USA) with a detection range of 0.01 to 0.60 mg L-1 for
Cr(VI). All experiments were conducted at room temperature (22±1 °C). Iron dissolution from
AC/nZVI into the Cr(VI)-treated solutions was investigated by measuring iron concentration in a
series of samples using Thermo iCAP 6300 ICP-OES.
2.5. Tafel corrosion test to evaluate the electron transfer rate
Electrochemical analysis was carried out using a CHI 660E electrochemical workstation (CH
instruments, Inc., USA) to measure the electron transfer properties of AC and AC/nZVI in a 10
mg L-1 Cr(VI) solution [38]. The system used for the measurement consisted of a working electrode
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(glassy carbon electrode, 3.0 mm diameter, BASi®, USA), a silver/silver chloride (Ag/AgCl)
reference electrode (CH instruments, Inc., USA), and a platinum (Pt) counter electrode. The glassy
carbon electrodes were cleaned and washed with methanol and DI water, and air-dried before
preparation. The working electrodes were prepared by adding droplets of a mixture of ground AC
or AC/nZVI in 0.5% Nafion solution on the glassy carbon electrodes, which then were left to dry
in air prior to use. After placing electrodes in the solutions (i.e., a chromium or sodium sulfate
solution) but prior to the measurements, argon gas purging was supplied to maintain anoxic
conditions.
2.6. Regeneration of AC/nZVI and reuse for Cr(VI) removal
The regeneration of AC/nZVI composite was carried out to evaluate its reusability potential
for aqueous Cr(VI) removal. In a 100 ml of 10 mg L-1 Cr(VI) solution, 0.15 g of AC/nZVI was
added. After adjusting the pH of the mixture to 4.0, it was stirred for 12 hr on a rotary shaker with
the speed of 40 rpm. Adsorbent’s particles were separated from the treated solution by vacuum
filtration (Whatman filter paper, Cat. No. 1004110), and washed two times with 5 mL of 0.01 M
HCl, followed by washing three times with DI water [35,39]. The particles then were dried under
a vacuum at room temperature overnight (~ 8 hr), and instantly used for the next run.
3. Results and Discussion
3.1. Effects of annealing conditions on the AC/nZVI structure and its Cr(VI) removal performance
To investigate the effects of annealing temperature and time in the first synthesis step on the
final materials’ properties as well as their Cr(VI) removal performance, seven different AC/nZVI
samples were synthesized under various annealing conditions, followed by an identical
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borohydride reduction step for all the samples. The final AC/nZVI samples were then
characterized by XRD, to verify their crystal structures, and evaluated for aqueous Cr(VI) removal.
Fig.1 shows results of XRD (Bruker AXS D8 Advance Vario x-ray diffractometer) analysis.
In terms of the effects of ‘annealing time,’ the XRD results in Figs. 1a-d need to be examined
closely. Figs. 1a-c indicated that for samples annealed at 300 °C, increasing the annealing time
from 1 hr to 3 hr did not change the crystal structure and phases in final AC/nZVI product
significantly. For these samples, zero-valent iron (Fe0) and carbon were the only phases observed.
However, with a 4 hr annealing in the first synthesis step (Fig. 1d), peaks associated with hematite
(Fe2O3) appeared in the final AC/nZVI composite. These results suggested that a longer annealing
time increased the quantity of iron oxide particles attached onto the AC’s surface in the first step,
and a portion of them were subsequently reduced to Fe0 by sodium borohydride. In other words,
the constant NaBH4 dose applied in all samples likely was not sufficient to react with the increased
number of iron oxide particles on AC and reduce them all to Fe0.
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Fig. 1 XRD patterns of AC/nZVI samples annealed at (a) 300 °C for 1 hr, (b) 300 °C for 2 hr, (c)
300 °C for 3 hr, (d) 300 °C for 4 hr, (e) 200 °C for 4 hr, (f) 400 °C for 4 hr, (g) 500 °C for 4 hr, followed
by borohydride reduction.

The effects of ‘annealing temperature’ can be explained by analyzing the XRD results in Figs.
1d-g. According to Choi et al [34], the heat treatment is an essential step in order to mechanically
stabilize iron oxide particles onto AC and to avoid the Fe0 nanoparticles detaching from the matrix
in the next synthesis steps. Hence, increasing annealing temperature from 200 °C to 500 °C could
keep more iron particles firmly attached to AC.
By increasing the annealing temperature in the first synthesis step from 200 °C to 500 °C, the
Fe0 peak intensity of the final products was diminished (located at 2θ = 44.8°). For the sample
annealed at 200 °C and 4 hr (Fig. 1e), Fe0 and carbon were the only peaks detected in the final
product. For the sample annealed at 300 °C (Fig. 1d), iron oxide peaks associated with hematite
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(Fe2O3) appeared. Again, considering that a constant amount of sodium borohydride was applied
in all samples, the presence of a Fe2O3 phase in the sample annealed at 300 °C was likely because
there was a greater number of these particles adhered to AC after the first synthesis step, compared
to the sample annealed at 200 °C, which were not entirely reduced to Fe0 afterwards.
A further increase in the annealing temperature to 400 °C and 500 °C in the first step (Fig. 1 f,
g) caused the Fe2O3 peaks to disappear and new peaks associated with magnetite (Fe3O4) to appear
in the final AC/nZVI samples. The Fe3O4 oxide often is formulated as FeO·Fe2O3 because it
contains both Fe2+ and Fe3+. The intensity of the Fe3O4 peaks showed an increasing trend when the
temperature increased from 400 °C to 500 °C, while Fe0 peaks decreased. Formation of Fe3O4
observed in samples annealed at 400 °C was consistent with Wang et al. [40]. Based on the
pressure/temperature phase diagram for iron from Ketteler et al. [41], in a low oxygen
environment, the Fe3O4 phase is the dominant iron phase when the temperature is increased to
around 400 °C (673.15 K). In this case, at a temperature of 500 °C (773.15 K), the magnetite peak
still was the dominant phase. The phase diagram also indicated that even having extremely low
oxygen pressure, Fe3O4 could not be formed at below 300 °C (573.15 K) [41] . This was a possible
cause of the changes in iron phase observed in the AC/nZVI samples annealed at various
temperatures, as shown in Fig. 2.
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Fig. 2 Proposed mechanism for the effects of annealing temperature on iron oxide particles attached
onto the AC’s surface, and the resultant AC/nZVI after borohydride reduction.

To investigate the best annealing conditions and the corresponding structure of AC/nZVI,
yielding the highest Cr(VI) removal, seven different AC/nZVI samples were subjected to batch
experiments for aqueous Cr(VI) removal with an initial Cr(VI) concentration of 10 mg L-1, pH of
4.0, a shaking time of 24 hr, and an AC/nZVI dose of 1.5 g L-1. From the results in Fig. 3a, it could
be inferred that with the fixed annealing temperature of 300 °C, increasing annealing time from 1
hr to 4 hr in the first synthesis step enhanced the Cr(VI) treatment efficiency of AC/nZVI. The
most significant enhancement was observed by increasing the annealing time from 1 hr to 2 hr.
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Presumably, the enhancement in Cr(VI) removal by using AC/nZVI samples synthesized with
longer annealing times was due to the retainment of more Fe2O3 particles on AC in the first
synthesis step. On the other hand, Fig. 3b shows that increasing the annealing step’s temperature
from 200 °C to 300 °C caused a significant drop in the final Cr(VI) concentration when the sample
was used as the adsorbents. Along with the XRD patterns in Fig. 1d and e, these results indicated
that the existence of iron (III) oxide on the final AC/nZVI sample was advantageous for Cr(VI)
removal. It has been previously shown by Budiman et al. (2016) [42] that aqueous Cr(VI) anions
can be removed by iron (III) oxide in acidic conditions mainly by the electrostatic reaction
between the adsorbate and adsorbent. Mu et al. (2017) [43] also stated that when using
immobilized or bare nZVI, Cr(VI) anions are firstly adsorbed on the iron oxide shell of nZVI. It
was demonstrated here that in addition to the Fe0 nano particles which reduces Cr(VI) species, the
presence of Fe2O3 on AC/nZVI was beneficial for Cr(VI) removal, possibly via electrostatic
attraction [43].
Continued increase in the annealing temperature resulted in reduced efficiency in Cr(VI)
removal, observed as an increased final Cr(VI) concentration, moving from 300 °C to 500 °C (Fig.
3b). This was likely because although Fe2+ ions present in samples with the annealing temperature
of 400 °C and 500 °C could reduce Cr(VI) to Cr(III) (Eqs. 3 and 4), since these samples showed
weak Fe0 peak intensities compared to sample annealed at 300 °C, they were less efficient for
Cr(VI) removal.
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Fig. 3 Effects of (a) annealing time (hr), and (b) annealing temperature (°C) in the synthesis
procedure of AC/nZVI on Cr(VI) removal from aqueous solutions (initial Cr(VI) concentration = 10 mg
L-1, pH = 4.0, shaking time = 24 hr, AC/nZVI dose = 1.5 g L-1).

These investigations confirmed that there was an optimum annealing temperature and time for
the first synthesis step, using which, both the Fe0 and iron (III) oxide phases co-existed on the final
AC/nZVI after borohydride reduction. Further increase in the annealing temperature caused the
iron oxide phase to change from Fe2O3 to Fe3O4, which subsequently was not reduced to Fe0
efficiently. Hence, 300 °C annealing for 4 hr was considered as the optimum conditions for the
annealing stage to obtain an AC/nZVI composite with the greatest Cr(VI) removal efficiency. For
material characterizations, evaluating Cr(VI) removal efficiency under various experimental
conditions, and investigating adsorption kinetics and isotherms, the optimized AC/nZVI composite
that was firstly annealed under 300 °C for 4 hr and then reduced by NaBH4 was used in this study.
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Another composite sample of immobilized nZVI on AC was synthesized using the borohydride
reduction alone, without any pre-annealing step. We followed the method described by Zhu et al.
(2009) [44], using the F400 AC as the supporting medium, and FeCl3 powder as the iron source
(the method of synthesis has been described in the Supplemental Information). The resultant
material was characterized by SEM and EDS (Fig. 1S in the Supplemental Information). However,
ZVI particles were not observed in SEM images, and the iron element was barely detected in the
EDS spectra. This signifies the necessity of the annealing step in order to stabilize the iron oxide
particles onto F400 AC prior to the borohydride reduction.
3.2. Characteristics of optimized AC/nZVI
3.2.1. Scanning Electron Microscopy (SEM)
The surface morphology of optimized AC/nZVI was observed using scanning electron
microscopy (SEM) (JSM-5610, JEOL Ltd., Tokyo, Japan); the images are presented in Fig. 4. The
brighter spherical spots in Figs. 4a and 4b are assumed to be nZVI particles, which are immobilized
on the surface and inside the pores of AC (darker areas). Fig. 4c, which shows nZVI at a higher
magnification, demonstrates the spherical shape of these particles, in the range between 50 - 350
nm.
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Fig. 4 SEM images of AC/nZVI various magnifications.3.2.2. Point of zero charge

The point of zero charge for optimized AC/nZVI was determined by using the solid addition
method described by Li et al. [35], resulting in pHzpc,AC/nZVI = 3.2 (see Fig. 2S in the Supplemental
Information). This indicates that the surface of AC/nZVI is positively charged at pH values below
3.2 (attracts anions) and is negatively charged in pH values greater than 3.2 (repels anions).
3.3. Cr(VI) removal efficiency using AC and AC/nZVI
To investigate the effects of various experimental conditions on the effectiveness of AC/nZVI
for Cr(VI) removal, four experimental factors were varied in order to correlate with the final Cr(VI)
concentration. These factors were initial solution pH, shaking time, initial Cr(VI) concentration,
and adsorbent dose.
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3.3.1. Effects of pH
Fig. 5 shows that increasing pH from 4.0 to 7.0 to 10.0 has an adverse effect on aqueous Cr(VI)
removal when using both AC and AC/nZVI. However, AC/nZVI showed higher removal
efficiencies under the same conditions at each pH level, indicating a greater capability of this
composite material for Cr(VI) removal. At the highest pH value tested in this study, AC could not
adsorb any Cr(VI), while AC/nZVI removed 57.6% of Cr(VI) from the solution.

Fig. 5 Effect of solution pH on aqueous Cr(VI) removal efficiency (%) using AC and AC/nZVI
(initial Cr(VI) concentration = 10 mg L-1, adsorbent dose= 3.0 g L-1, shaking time = 48 hr).
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These phenomena could be explained by chromium speciation and surface charges of the
adsorbents as well as redox reactions between Fe0 and Cr(VI) in the case of using AC/nZVI (Eqs.
1 to 6). Generally, Cr(VI) speciation is pH dependent. In the acidic pH range between 1.0 to 6.0,
the dominant form of chromium is bichromate (HCrO4-), and in pH values above 6.0, chromate
(CrO4-) is the dominant form [45,46].
Using AC, the electrostatic attraction/repulsion between the ions and AC’s surface
significantly affect the adsorption efficiency [47]. The point of zero charge for activated carbon
has been reported pHpzc,AC = 6.5 [48], meaning that AC has a positively charged surface in pH
values lower than 6.5, and is negatively charged in pH values greater than that. However, by
increasing solution pH, the degree of protonation of activated carbon’s surface decreases gradually
[47]. Hence, in pH values slightly above the pHpzc, the electrostatic attraction is not completely
hindered. Fig. 5 shows that when using AC, a drastic decrease in Cr(VI) removal efficiency was
observed from 63% at pH= 4.0 to 10% at pH= 7.0. At pH= 10.0, AC could not remove any Cr(VI).
Although chemisorption might play a role in highly acidic conditions, results demonstrated that
the major controlling mechanism for Cr(VI) removal by AC in the pH range used in this study was
probably the physical adsorption of chromium ions. In pH values significantly higher than pHpzc,
the electrostatic repulsion could have hindered Cr(VI) adsorption on AC, and hence, it likely made
the physical adsorption dominant rather than chemisorption mechanism. Using AC at pH values <
3.0, reduction of Cr(VI) to Cr(III) and subsequent desorption of Cr(III) species back into the
solution may occur [46,49]; thus, extremely acidic conditions generally are unfavorable.

94

When using AC/nZVI, it was assumed that Cr(VI) removal occurred by means of simultaneous
adsorption and reduction processes. Eqs. 1 to 4 show that H+ is involved in all the reactions
associated with hexavalent chromium reduction by zero-valent iron/iron oxide. Increasing the H+
concentration in Eqs. 1 to 4 can shift the reactions to the right, resulting in further reduction of
Cr(VI) to Cr(III) [20]. This demonstrates why acidic conditions are beneficial for Cr(VI) reduction
by Fe0 in the aqueous phase [17,20] and confirms the experimental results presented in Fig. 5.
Besides, focusing on Eqs. 5 and 6, high pH values may facilitate Fe(III)/Cr(III) precipitation which
leads to a higher nZVI passivation [20].
On the other hand, the point of zero charge for AC/nZVI was measured to be pHpzc,AC/nZVI =
3.2 (Section 3.2.2). Therefore, it would be beneficial to reduce pH values below 3.2 for the removal
of bichromate anions by attracting to the positively charged surface of AC/nZVI. However, since
sufficiently high percentages for Cr(VI) removal were obtained even in pH = 4.0 when using
AC/nZVI (~ 100% with initial Cr(VI) concentration = 10 mg L-1, adsorbent dose= 3.0 g L-1,
shaking time= 48 hr), the current study did not evaluate pH values that were any lower. In addition,
adjusting the pH to a highly acidic level might be infeasible, specifically for groundwater treatment
applications. Instead, a moderately acidic pH would be more practical and economical in terms of
industrial applications. Hence, a pH of 4.0 was used to evaluate other experimental factors in this
study.
3.3.2. Effects of other experimental factors
Table 1 shows various levels of each of three experimental factors (shaking time, initial Cr(VI)
concentration, and adsorbent dose) that were tested in this study, when the pH was fixed at 4.0 for
all conditions. The results are represented in Fig. 6.
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Table 1 Experimental factors for Cr(VI) removal batch tests using AC and AC/nZVI.
Shaking time (hr)
0.5 1
2
3 6
7 8 12 24* 48 72 96 120
Initial Cr(VI) concentration
5
10* 15
(mg L-1)
Adsorbent dose (g L-1)
0.5 1
1.5* 2 2.5
*Fixed value of each factor, while other factors changed.
The pH was kept at 4.0 in all experiments.
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Fig. 6 Effects of (a) adsorbent dose (g L-1) (initial Cr(VI) concentration = 10 mg L-1, pH = 4.0,
shaking time = 24 hr); (b) initial Cr(VI) concentration (mg L-1) (adsorbent dose = 1.5 g L-1, pH = 4.0,
shaking time = 24 hr); (c) shaking time (hr) (initial Cr(VI) concentration = 10 mg L-1, pH = 4.0, adsorbent
dose = 1.5 g L-1)

Fig. 6a depicts the changes in the final Cr(VI) concentration when changing the adsorbent
dose. Increasing the adsorbent dose in the given range showed an enhancing effect for Cr(VI)
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removal by both AC and AC/nZVI due to an increase in available adsorption sites. Fig 6a indicates
2.5 g L-1 of AC/nZVI reduced Cr(VI) concentration below its maximum allowable level of 0.01
mg L-1 regulated by Cal/EPA, while virgin AC could not satisfy this regulation within the test
range. Fig. 6b shows the effects of changing the initial Cr(VI) concentration on its final
concentration. As seen, by increasing the initial Cr(VI) concentration from 5 mg L-1 to 15 mg L-1,
the final concentration increased from 0.8 mg L-1 to 7.4 mg L-1, and from 0.05 mg L-1 to 0.11 mg
L-1 when using AC and AC/nZVI, respectively. This indicates that AC/nZVI was less affected by
increased initial Cr(VI) concentration compared to AC, likely because of simultaneous physical
adsorption and chemical reduction of chromium ions by the composite material. Fig. 6c shows the
effects of the shaking time on the final Cr(VI) concentration. Even after 120 hr, AC could not
decrease Cr(VI) to meet the standard MCL of 0.01 mg L-1. After around 110 hr, AC/nZVI could
reduce the Cr(VI) concentration below the regulation level (Fig. 6c inset). Comparing the
equilibrium for Cr(VI) uptake capacities (Fig. 6d), AC and AC/nZVI showed qe,AC= 4.80 mg g-1
and qe,AC/nZVI= 6.67 mg g-1, respectively, demonstrating higher Cr(VI) removal capacity of
AC/nZVI.
3.4 Iron dissolution from AC/nZVI
In order to verify the stability of nZVI particles on AC, the amount of iron released from the
AC/nZVI composite into the Cr(VI) solution after the treatment was measured. The iron
concentration was measured at various adsorbent doses, pH values, and shaking times with a
constant initial Cr(VI) concentration of 10 mg L-1. The experimental conditions and iron
concentration measurement results are summarized in Table 2.

98

Table 2 Iron concentration in the treated solutions under various experimental conditions, with the
initial Cr(VI) concentration of 10 mg L-1.
Iron concentration (mg
AC/nZVI dose
Shaking
Cr(VI) removal
-1
pH
L
) after termination of
(g L-1)
time (min)
efficiency (%)
shaking time
3.0
4.0
48
99.70
0.016
3.0
7.0
48
78.22
<0.001
3.0
10.0
48
57.61
< 0.001
3.0
4.0
72
99.02
<0.001
3.0
4.0
120
99.16
<0.001
4.0
4.0
48
99.47
0.022
5.0
4.0
48
99.86
0.021

The national secondary drinking water regulations (NSDWRs) regulates that the secondary
level for iron concentration in drinking water should be below 0.3 mg L-1 [50]. According to the
standard methods, to ensure accurate colorimetric measurement of Cr(VI), the iron concentration
should be less than 1.0 mg L1- to avoid interference with Cr(VI) due to the yellow color formed by
the dissolved iron ions [37]. As shown in Table 2, iron concentrations in the Cr(VI)-treated
solutions were much lower than both NSDWRs and colorimetric interference levels. As expected,
acidic pH conditions increased the iron dissolution. In the study by Liu et al. (2008) [51], iron
dissolution was investigated when unsupported ZVI particles were used for Cr(VI) reduction. At
a basic pH of 9.5 and using 10.5 g L-1 of ZVI in a 10 mg L-1 Cr(VI) solution, they reported ~16
mg L-1 dissolved iron, after 30 min reaction time. The current study used 2 to 3 times lower doses
of the AC/nZVI composite and obtained nearly complete removal of 10 mg L-1 Cr(VI) with a
negligible iron dissolution of <0.022 mg L-1 at pH= 4.0. This demonstrates that the synthesized
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AC/nZVI not only effectively removed the aqueous hexavalent chromium, but also had negligible
iron release into the chromium-treated water. This could be an important advantage especially
when using the AC/nZVI composite for groundwater remediation where release of iron can result
in negative consequences including the contamination of aquifers that can adversely affect living
organisms [22], promote micro-organisms growth in water [52], and clog groundwater well
pipelines [53]. The observed low iron dissolution from the optimized AC/nZVI might be due to
the use of an annealing step prior to the borohydride reduction, for stabilization of iron oxide
particles on AC. In addition, a relatively low annealing temperature compared to the carbothermal
reduction method could have preserved microporous structure of AC [31] which likely prevented
leaching of iron ions.
3.5. Characterization of AC/nZVI after Cr(VI) adsorption
3.5.1. Energy Dispersive X-ray Spectroscopy (EDS)
In order to examine Cr(VI) absorption by two adsorbents, elemental analysis by energy
dispersive X-ray spectroscopy (EDS) (ISIS EDS, Oxford Instruments Company, Abingdon,
United Kingdom) was conducted on AC/nZVI after Cr(VI) adsorption (initial Cr(VI)
concentration = 10 mg L-1, pH = 4.0, shaking time = 24 hr, adsorbent dose = 1.5 g L-1). The
results presented in Fig. 7 show the retention of iron particles on the AC after the adsorption
process (Fig. 7b), and attachment of chromium on the material (Fig. 7c). It could be inferred that
the areas that mainly were covered with iron (Fig. 7b) and carbon (Fig. 7d) are roughly
complementary to each other. This suggests that the iron nanoparticles covered the surface of the
activated carbon. By comparing the elemental maps in Figs. 7e and 7b, it could be stated that the
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areas covered with iron matched well with the regions having the element oxygen, thus
proposing the presence of iron oxide compounds.

Fig. 7 Results of elemental analysis by EDS on an AC/nZVI surface after the Cr(VI) adsorption test.
(a) SEM image of the analyzed area; and elemental mapping of the elements (b) iron, (c) chromium, (d)
carbon, and (e) oxygen.

3.5.2. X-ray Photoelectron Spectroscopy (XPS) Analysis
An XPS analysis was performed by using a PHI 5000 VersaProbe (Ulvac-PHI), with a
background pressure of 2.0 ×10-7 Pa, to investigate the surface composition and oxidation states
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of the elements on AC/nZVI before and after Cr(VI) removal. Wide-scan and narrow-scan pass
energies were 187.85 eV and 58.70 eV, respectively. Fig. 8a shows a wide-scan survey of
AC/nZVI before and after Cr(VI) adsorption. This graph shows that iron, oxygen, and carbon
coexisted on the surface of AC/nZVI before Cr(VI) adsorption, which was in good agreement with
the XPS survey of nZVI/GNS done by Li et al. [35]. After Cr(VI) adsorption, new peaks at 577.3
eV and 586.1 eV were evident (magnified XPS scan in Fig. 8b), which were assigned to Cr 2p3/2
and Cr 2p1/2 orbitals in Cr(III), respectively [54,55]. This demonstrated the reduction of Cr(VI) to
Cr(III), presumably by ZVI and iron oxide.
High-resolution XPS surveys of Fe 2p also was conducted on AC/nZVI before and after Cr(VI)
adsorption, as shown in Fig. 8c and d, respectively. The peaks located at around 711.4 eV and
724.8 eV, present both before and after Cr(VI) adsorption, were associated with binding energies
of Fe 2p3/2 and Fe 2p1/2 orbitals in Fe2O3, respectively [56]. After adsorption, a peak at 709.1 eV
was detected (Fig. 8d), which was associated with Fe 2P3/2 orbitals from Fe2+ in Fe3O4 [57]; this
likely resulted from the reduction of bichromate/chromate by ZVI (Eqs. 1, 2). The peak at 719.85
eV detected on AC/nZVI both before and after adsorption is associated with Fe 2p1/2 in Fe0 [58].
Liu et al. [46] investigated the application of nanoscale zero-valent iron immobilized in
chitosan beads (nZVI-CS) for Cr(VI) removal, in which Fe0 peaks were not detected in a highresolution XPS survey [59]. However, the XRD and XPS results in the current study clearly
showed existence of metallic iron in the optimized AC/nZVI. Considering a core-shell structure
for nZVI particles which has been proposed in the literature [60,61] consisting of Fe0 in the center
and the iron oxide coating as the shell, it could be concluded that in this current study, the
optimized AC/nZVI probably had a thin layer of an iron oxide shell, which allowed the X-ray
beam to detect Fe0 in the core. This could have allowed more ZVI to be available to participate in
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the reduction reactions (Eqs. 1 and 2), which is advantageous for Cr(VI) removal. The presence of
an Fe0 peak after adsorption suggested a good reusability potential of this composite material.

Fig. 8 (a) Wide-scan XPS survey of AC/nZVI before (I) and after (II) Cr(VI) adsorption, (b) a
magnified region in the XPS survey of AC/nZVI after Cr(VI) adsorption associated with Cr 2p, (c) a
high-resolution Fe 2p XPS survey of AC/nZVI before Cr(VI) adsorption, and (d) a high-resolution Fe2p
XPS survey of AC/nZVI after Cr(VI) adsorption.
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3.5.3. Tafel Corrosion Test
Tafel corrosion analysis was performed to compare the electron transfer rate of virgin AC and
AC/nZVI. Fig. 9 shows the Tafel polarization curves for AC and AC/nZVI measured in a 10 mg
L-1 Cr(VI) solution as well as in a 50 mM of sodium sulfate (Na2SO4) (marked as without Cr(VI)).
The results indicated that the corrosive potential for AC/nZVI was significantly lower than for
virgin AC in the Cr(VI) solution, suggesting that AC/nZVI had a faster electron transfer rate [35].
In the sodium sulfate solution, however, the two materials showed nearly the same potentials. The
higher electron transfer rate in Cr(VI) solution for AC/nZVI composite could be associated with
the presence of Cr(VI) ions in the solution, causing the electrons to transfer from Fe0 (electron
donor) in AC/nZVI to Cr(VI) anions (electron acceptor). Since virgin AC did not have an electron
donor species, it showed a lower electron transfer rate in Cr(VI) solution. In the absence of electron
acceptor species, the two materials showed nearly similar corrosion rates.
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Fig. 9 Tafel corrosion scan of AC/nZVI and AC in a sodium sulfate electrolyte (without Cr(VI)) and
in 10 mg L-1 Cr(VI) solution (with Cr(VI)).

3.6. Kinetic studies for Cr(VI) removal using AC and AC/nZVI
3.6.1. Adsorption kinetics and rate constants
To investigate uptake rate of Cr(VI) by AC and AC/nZVI, kinetic studies were performed. Fig.
10 shows the Cr(VI) removal data fitted to various kinetic models (first order, second order,
pseudo-first order, and pseudo-second order). Descriptions of the models are provided in the
Supplemental Information [62].
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Fig. 10 Kinetic models for Cr(VI) adsorption on AC – (a) first order, (b) second order, (c) pseudofirst order and, (d) pseudo-second order – and on AC/nZVI – (e) first order, (f) second order, (g) pseudofirst order, (h) pseudo-second order (initial Cr(VI) concentration = 10 mb L-1, adsorbent dose = 1.5 g L-1,
pH = 4.0).

The corresponding characteristics of the fitted models are summarized in Table 3. In the case
of adsorption using AC, the high coefficient of determination obtained for the pseudo-secondorder model suggested the suitability of this kinetic model to describe Cr(VI) adsorption data. The
equilibrium adsorbate loading that was predicted by this model agreed well with the experimental
value of 4.80 mg g-1. With regard to using AC/nZVI, the R2 values for both the second-order and
the pseudo-second-order models were high enough to be considered as a good fit. However, as
seen in Table 3, the equilibrium adsorbate uptake by AC/nZVI predicted by the pseudo-secondorder model was in good agreement with the experimental value, while the initial Cr(VI)
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concentration predicted by the second-order model differed significantly from the experimented
value. Therefore, the pseudo-second order was considered as the best describing model for Cr(VI)
removal by AC/nZVI as well. This demonstrated that the Cr(VI) removal rate by both AC and
AC/nZVI depended on the chromium ion concentration and the adsorbent dose [63]. Regarding
the characteristics of the pseudo-second order model, the Cr(VI) removal rate using AC/nZVI was
almost 2.2 times greater than when using AC. This indicates that by impregnating AC with nZVI,
its Cr(VI) removal rate was improved.

Table 3 Constants for the kinetic models for Cr(VI) removal by AC and AC/nZVI (initial Cr(VI)
concentration = 10 mg L-1, adsorbent dose = 1.5 g L-1, pH = 4.0).
First Order
Second Order
k1
Co, model a
k
Co, model a
2
R2
R2
-1
-1
-1
-1
(hr )
(mg L )
(mg L-1)
(mg L hr )
AC
0.006
4.958
0.434
0.002
4.739
0.587
AC/nZVI
0.053
1.292
0.653
0.459
7.463
0.950
Pseudo-First Order
Pseudo-Second Order
k'1
qe, model b
k'2
qe, model b
2
R
R2
(hr-1)
(mg g-1)
(g mg-1 hr-1)
(mg g-1)
AC
0.034
1.408a
0.780
0.164
4.785a
> 0.999
b
AC/nZVI
0.053
0.861
0.653
0.363
6.667b
> 0.999
a
b

Co, model= 10 mg L-1
qe, experimental, AC/nZVI= 6.67 mg g-1, qe experimental, AC= 4.80 mg g-1

3.6.2. Adsorbate diffusion analysis
The Weber and Morris kinetic model [64] and Boyd model [65] were used to analyze the
adsorbate diffusion mechanisms for AC and AC/nZVI. [66]. Generally, a film diffusion
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mechanism controls the rate only in the very beginning stages of adsorption [66]. Afterwards,
intraparticle diffusion turns out to be the dominant mechanism, which was observed as new linear
segment(s) in both the Weber and Boyd models [66]. Linear regressions were conducted on the
Boyd and Weber plots to obtain the conditions that yielded the best coefficient of determinations
for each of the data sets for AC and AC/nZVI, while the two diffusion models represented
consistent data interpretation. The results are shown in Fig. 11, and the corresponding constants of
the models are presented in Table 4.

Fig. 11 Plots for the (a) Weber and (b) Boyd diffusion models for Cr(VI) removal by AC and
AC/nZVI (initial Cr(VI) concentration = 10 mg L-1, pH = 4.0, adsorbent dose = 1.5 g L-1).
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Table 4 Constants of the diffusion models associated with Cr(VI) adsorption onto AC and AC/nZVI.
Weber Diffusion Model
Boyd Diffusion Model
AC
AC
kint
c
Di
R2
B
intercept
R2
(mg g-1hr-0.5) (mg g-1)
(cm2 hr-1)
First linear segment
1.749
0.728
0.991
0.377
-0.009
0.981
Second linear segment
0.088
3.891
0.943
0.025
1.272
0.0011
0.979
AC/nZVI
AC/nZVI
kint
c
Di
R2
B
intercept
R2
(mg g-1hr-0.5) (mg g-1)
(cm2 hr-1)
First linear segment
3.179
0.726
0.944
0.621
-0.081
0.985
Second linear segment
0.392
5.295
0.967
0.271
0.786
0.988
Third linear segment
0.009
6.571
0.991
0.018
3.882
0.0008
0.976

3.6.2.1. Weber model
The Weber model, which was derived from Fick’s Second Law, investigated whether
intraparticle diffusion was the only rate-controlling mechanism in the adsorption process [66] and
is expressed as:
q=

t0.5 + c

(7)

where q = the adsorbate uptake (mg g-1), t = reaction time (hr), kint = the film or intraparticle
diffusion rate constant (mg g-1hr-0.5), and c = the constant proportional to the boundary layer
thickness (mg g-1) [67,68]. If the plot of q versus t0.5 gives a straight-line passing through the origin,
this means that the intraparticle diffusion is the sole rate-controlling mechanism. Generally, the
plot of q versus t0.5 may show several linear segments [66].
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Fig. 11a illustrates the Weber model plots. For AC, there were two distinguishable linear
segments in Weber plot, while for AC/nZVI, three linear segments could be discerned. The first
linear segments observed in both AC and AC/nZVI plots with non-zero intercepts corresponded
to a film diffusion mechanism, in which chromium ions were transferred from the bulk solution to
the adsorbents’ boundary layer [69]. In the next linear segment(s), chromium ions diffused inward
to the pores of adsorbents [66,70], and intraparticle diffusion and/or chemical reactions controlled
the adsorption rate [69,71]. Comparing the film diffusion stages rates, AC/nZVI showed a rate 1.7
times greater than AC, likely due to the contribution of nZVI/iron oxides attached to the outer
surface in AC/nZVI to adsorb and reduce Cr(VI) anions.
The second line in AC’s Weber plot, which started after a 3-hr reaction, represented the
intraparticle diffusion mechanism. The second linear segment in the Weber plot of AC/nZVI (3 hr
to 12 hr) showed a diffusion rate that was 3.5 times greater than the intraparticle diffusion stage
(last stage) in AC. This additional middle stage in the Weber model for AC/nZVI was presumed
to be mainly associated with the contribution of the chemical reduction of Cr(VI) by nZVI particles
while the adsorbate ions diffused inward the pores of AC/nZVI.
The last linear segment in Weber plot of AC/nZVI could be assigned to an adsorption period
that was controlled mainly by intraparticle diffusion, with a significantly lower rate than the
intraparticle diffusion rate in AC. This could be due to the deceleration of chromium ions in the
pores of AC/nZVI due to the formation of Fe(III)/Cr(III) precipitates as a consequence of chemical
reduction reactions between the chromium ions and nZVI particles. In addition, nZVI particles
have occupied the pores in AC/nZVI to some extent, likely hindering the intraparticle diffusion of
adsorbate ions. Since the internal pores in virgin AC were free, occupied only by adsorbed
chromium ions, a higher diffusion rate occurred in the intraparticle-controlled stage in AC.
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3.6.2.2 Boyd model
The Boyd model determines whether the actual slowest step in the adsorption process is film
diffusion or pore diffusion. Having F= qt/qe, where qt and qe are the adsorbate uptake at time t and
at equilibrium, respectively, this model can be approximated as [72]:
For F > 0.85; Bt= -0.4977 - ln(1- F)
For F < 0.85; Bt = √π- π-

(8)

π2 F

(9)

3

when Bt is the time constant and is a mathematical function of F. By plotting Bt versus t, it
could be stated that intraparticle diffusion is the only rate-controlling mechanism if the graph is
linear and passes through the origin. If the graph is nonlinear or is linear but does not pass the
origin, it can be concluded that the adsorption rate is controlled by a chemical reaction and/or film
diffusion [69]. Under conditions in which intraparticle diffusion is the sole rate-controlling
mechanism, the diffusion rate of chromium ions in adsorbents could be calculated as [66,72]:
B=

π2 Di

(10)

r2

where B (hr-1) is obtained from the slope of the last linear segment in Boyd model plot (Bt
versus t) [73], Di is the effective diffusion coefficient (m2 hr-1), and r is the radius of adsorbent
particle assuming spherical shape (m).
Fig. 11b illustrates the Boyd models, in which the AC data could be divided into two linear
segments. The first segment with a non-zero intercept represented the film diffusion stage and had
the same 3-hr period as the first linear segment in the Weber plot for AC (Fig. 11a). The second
linear segment was attributed to the intraparticle diffusion-controlled stage. For AC/nZVI, the
Boyd plot was divided into three linear segments, similar to its Weber plot. The first linear segment
with a non-zero intercept represented the film diffusion stage in a 3-hr period. The second segment
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could be associated with a stage that was controlled by both intraparticle diffusion and chemical
reduction. The last segment was considered to be the film diffusion-controlled stage.
Having Boyd’s time constants, the effective diffusion coefficients of chromium anions in the
intraparticle diffusion stages (the last stages) were calculated using Eq. 10 (see Table 4). The
effective size of F400 granular activated carbon (Calgon Carbon Corporation products) is in the
range of 0.55 mm to 0.75 mm. For calculating Di, it was assumed that all the activated carbon
particles were uniform spheres of radius r = 0.65 mm. The results showed that AC/nZVI had a
lower effective diffusion coefficient than AC. These results were consistent with the lower rate for
intraparticle diffusion obtained for AC/nZVI from its Weber model.
From the kinetic studies, it could be concluded that AC/nZVI provided a higher Cr(VI) removal
rate and capacity than virgin AC, while the immobilized iron particles and adsorption/reduction
products decreased the intraparticle diffusion rate of chromium anions in the composite adsorbent.
3.7. Adsorption isotherm
Adsorption isotherms for Cr(VI) removal using AC and AC/nZVI were evaluated using a fixed
volume of a 10-mg L-1 Cr(VI) solution while the adsorbent dose was varied in different samples.
The equilibrium time was considered to be 24 hr for the isotherm tests. The isotherm models by
Freundlich [74] and Langmuir [75] were employed to evaluate the characteristics of Cr(VI)
removal for both AC and AC/nZVI. The Freundlich model is an empirical model that assumes a
heterogeneous surface for the adsorbent with a multi-layer sorption mechanism [76]. This model
was derived by considering an exponentially decreasing energy distribution of the adsorption sites
[76]:
1

log qe = log kf + n log Ce

(11)
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where qe = the equilibrium adsorbate uptake by the adsorbent (mg g-1), Ce = the adsorbate
concentration in the solution (mg L-1), kf = the Freundlich adsorption capacity parameter [(mg g1

)(L mg-1)(1/n)], and 1/n = the Freundlich adsorption intensity parameter.
The Langmuir isotherm model considers a finite number of homogenous adsorption sites with

a monolayer sorption mechanism [77], and presents the constant QM for monolayer sorption
capacity:
Ce
qe

=Q

1

M bA

1

+ Q Ce

(12)

M

where qe = equilibrium adsorbate uptake by the adsorbent (mg g-1), Ce = the adsorbate
concentration in the solution (mg L-1), QM = the maximum loading of the adsorbent when surface
sites are saturated with the adsorbate (mg g-1), and bA = the Langmuir adsorption constant (L mg1

). Fig. 12 shows fitted Langmuir and Freundlich isotherm models for Cr(VI) removal using AC

and AC/nZVI. The corresponding constants are presented in Table 5.
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Fig. 12 Langmuir isotherm model (a, c) and Freundlich isotherm model (b, d) for adsorption of
Cr(VI) using AC and AC/nZVI (initial Cr(VI) concentration = 10 mg L-1, pH = 4.0, Shaking time = 24
hr).

Table 5 Constants of the isotherm models describing adsorption of Cr(VI) onto AC and AC/nZVI.
Langmuir Model
Freundlich Model
kf
QM
bA
R2
RMSEq*
(mg g-1)(L
1/n
R2
RMSEq*
-1
(mg g )
(L mg-1)
-1 (1/n)
mg )
AC
9.891
0.192
0.911
0.063
1.901
0.576
0.898
0.073
AC/nZV
25.000
6.667
0.490
0.517
62.951
0.865
0.992
0.047
I
*RSME =

[(

)/

]

The adsorption data for AC could be well described by both Freundlich and Langmuir models.
However, the Langmuir model showed a slightly higher coefficient of determination and a lower
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root-mean-square error for q (RMSEq) than did the Freundlich model. Data fitting with the
Langmuir model suggested a monolayer adsorption mechanism of Cr(VI) ions on AC having oneion/molecule thickness adsorbed on a homogenous surface [78]. The adsorption nature in a
Langmuir isotherm could be evaluated by parameter RL, defined as [79]:
RL =

1

(13)

(1+bCo )

where b is the Langmuir adsorption constant (L mg-1) and Co is the initial Cr(VI) concentration.
Adsorption is defined as irreversible for RL= 0, favorable for 0 < RL< 1, linear for RL= 1, and
unfavorable for RL > 1 [79]. The RL value obtained was 0.342, indicating favorable adsorption of
Cr(VI) onto AC.
For AC/nZVI, the significant lack of fit for data related to Cr(VI) adsorption by the Langmuir
isotherm model showed that the assumption for monolayer adsorption was not appropriate; instead,
indicated various energy environments on AC/nZVI [76]. This was consistent with how the
composite surface of AC/nZVI acted for simultaneous adsorption and reduction of Cr(VI), as
discussed in Section 3.5.2. The Freundlich model fitted well with data for AC/nZVI adsorption,
having high a R2 value and a low RMSEq value. Comparing the characteristics of the Freundlich
model for AC and AC/nZVI, the intensity parameter of 1/n < 1 for both adsorbents indicated
favorable adsorption of Cr(VI) onto AC and AC/nZVI [80]. In addition, the greater 1/n value
obtained for AC/nZVI indicated a greater affinity between Cr(VI) ions and AC/nZVI than for AC,
and a higher heterogeneity for adsorption sites on AC/nZVI [80] which is corresponded with the
embedded nZVI particles. In addition, this model predicted a 32-folds increase in Cr(VI) uptake
capacity when AC was impregnated with nZVI (i.e., kf, AC/nZVI> kf, AC).
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3.8. AC/nZVI regeneration and reuse
This study also investigated the reusability of AC/nZVI for Cr(VI) treatment. After the first
cycle, the used AC/nZVI particles were regenerated by washing them with 0.01 M HCl to remove
the oxide layer and to dissolve the precipitated Fe(III)/Cr(III) [35,39]. The particles then were
washed with DI water and dried under the vacuum overnight. A 12-hr shaking period was used for
running AC/nZVI reusability tests. For reusing the adsorbent, it was not necessary to wait until the
theoretical equilibrium time is reached. Instead, in order to maintain more of the material’s
treatment capacity for the next cycles, the particles were separated from the solution after
achieving an acceptable treatment level, and then were regenerated. The results are shown in Fig.
13.

Fig. 13 Percentage of Cr(VI) removal (%) using regenerated AC/nZVI in five treatment cycles
(initial Cr(VI) concentration = 10 mg L-1, pH = 4.0, shaking time = 12 hr, AC/nZVI dose = 1.5 g L-1).
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Results in Fig. 13 indicated that AC/nZVI could be regenerated, maintaining a promising 68%
Cr(VI) removal efficiency after five cycles having an initial Cr(VI) concentration of 10 mg L-1,
pH of 4.0, an adsorbent dose of 1.5 g L-1, and a shaking time of 12 hr. In a study by Liu et al. [39],
Fe0 nanoparticles immobilized on chitosan beads were used for Cr(VI) removal. They investigated
the reusability of chitosan/Fe0, which showed 25% Cr(VI) removal after four cycles, while the
material showed a 90% removal in the first cycle (Initial Cr(VI) concentration = 20 mg L-1, NZVI
= 3.0 g L-1, pH = 6.7, temperature = 25 °C, stirring time = 1 hr). Li et al. [35] applied nanoscale
zero-valent iron decorated on graphene nanosheets (nZVI/GNS) for aqueous Cr(VI) removal. They
showed that after 3 cycles of reusing, nZVI/GNS removed 57% of Cr(VI), while in the first cycle
Cr(VI) was almost completely removed (initial Cr(VI) concentration = 15 mg L-1, natural pH,
NZVI/GNS dose = 1.0 g L-1, shaking time = 2 hr). Shi et al. (2011) [27] synthesized nZVI
supported on Bentonite (B-nZVI) and used that for aqueous Cr(VI) removal. After regeneration
with an EDTA solution, they showed that the Cr(VI) removal capacity of B-nZVI decreased by
72% after the first use.
As seen in Fig. 13, a major reduction in Cr(VI) removal for regenerated AC/nZVI was observed
after the first cycle, possibly due to the dissociation of loosely attached iron nanoparticles on
AC/nZVI. After that, drops in the removal percentages were lower than for the first drop; however,
there was an increasing trend from a 4.5% drop after the second cycle to an 8.0% drop after the
fourth cycle. This likely was due to incomplete removal of Fe(III)/Cr(III) precipitates and adsorbed
Cr(VI) anions that filled the pores of AC/nZVI and had accumulated during the consecutive
treatment/regeneration processes.
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4. Conclusions
In this study, ZVI nanoparticles were immobilized in a coal-based granular activated carbon
using a combined annealing and borohydride reduction method, to obtain AC/nZVI composite.
Different samples were synthesized under various annealing temperatures and times followed by
an identical borohydride reduction for all. The obtained samples were examined for aqueous
Cr(VI) removal, and their phase structure was characterized by XRD. The results showed that
besides the metallic iron, the presence of iron oxide was favorable for Cr(VI) reduction. Optimized
annealing conditions in terms of yielding the greatest Cr(VI) removal efficiency was determined
as 300 °C for 4hr. Although higher annealing temperatures caused greater retention of iron oxide
particles on AC, but they also caused the formation of magnetite (Fe3O4), which was not reduced
to Fe0 effectively.
Cr(VI) removal batch experiments were conducted using the optimized AC/nZVI as well as
virgin AC for comparison. The results showed that lower pH values were beneficial for the aqueous
Cr(VI) removal, using both AC and AC/nZVI, due to altering their surface charges as well as
chromium speciation. In most of conditions during this study, AC/nZVI showed much higher
removal efficiencies than AC. Low iron concentrations in the Cr(VI)-treated solutions
demonstrated the high stability of nZVI particles on AC, indicating the supremacy of AC/nZVI
for Cr(VI) reduction compared to nZVI alone. This is particularly important for the remediation
of contaminated sites, where released iron from the adsorbent can negatively affect groundwater
resources.
The Cr(VI) uptake by AC/nZVI was verified by means of succeeding XPS and EDS analyses
and by the Tafel corrosion test. The XPS survey showed formation of Cr(III) on AC/nZVI surface
after the adsorption process, which confirmed the chemical reduction of Cr(VI) to Cr(III),
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supposedly by metallic iron and iron oxides. The Tafel corrosion test indicated a higher electron
transfer rate for AC/nZVI than AC in a Cr(VI) solution.
Kinetic studies with a pseudo-second order model fit for both AC and AC/nZVI revealed that
the rate of Cr(VI) removal was 2.2 times faster using AC/nZVI than AC. Isotherm studies showed
greater affinity between Cr(VI) ions and AC/nZVI than did virgin AC, and a higher predicted
Freundlich adsorption capacity for AC/nZVI. Regeneration of AC/nZVI showed a high reusability
capacity of AC/nZVI, which indicated good retainment of nZVI particles after several treatment
cycles. Due to the high efficiency, low iron dissolution, and great reusability potential the
optimized AC/nZVI could be applied in landfill liners or soil barriers for the treatment of Cr(VI)
contaminated groundwaters. Further studies should be carried out to investigate efficiency of
AC/nZVI for removal of coexisting ions.
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Chapter 3 Supplemental Information
1. Method of synthesis for nZVI-AC sample via borohydride reduction with no preannealing:
We adopted the synthesis method described in Zhu et al. [1]. The synthesis steps are
summarized below:
Filtrasorb-400 GAC particles were soaked in 1M HNO3 for 24 h.
The particles were washed with DI water and dried in a vacuum oven at 80 °C for 12 hr.
One gram of dry-based carbon was equilibrated with 30 mL of 1.0 M N2-purged iron (III)
chloride (FeCl3) solution for 3 hours.
The slurry was diluted five times using a mixture of ethanol and deionized water (v/v 1:1).
100 mL of 0.2 M NaBH4 was added dropwise to the mixture, while the mixture was stirred and
bubbled with Ar gas. The temperature of the mixture was 23 °C.
After complete addition of sodium borohydride, the slurry was stirred and bubbled for 30 min.
The obtained NZVI-AC was washed with acetone three times, and then dried in a vacuum oven
at 60 °C for 6 hours.
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Fig. S1 SEM images (a, b, c) and elemental analysis (d, e) of a sample of nZVI immobilized on AC
synthesized using the borohydride reduction only, without a pre-annealing step.

2. Point of zero charge of AC/nZVI:
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Fig. S2 Point of zero charge of AC/nZVI.

3. Reaction kinetic models
First order and second order reaction kinetics are described as:
ln C= -k1 t+ ln C0 , and

(1)

1

(2)

1

=k2 t+ C
C

o

respectively; where, C= Cr(VI) concentration at time t (mg L-1),
initially (mg L-1), t= reaction time (hr),

= Cr(VI) concentration

= first order reaction rate (hr-1), and

= second order

reaction rate (mg-1 L hr-1).
Pseudo-first and pseudo-second order reaction kinetics are expressed as [2,3]:
ln qe -qt = -k'1 t+ ln qe

(3)

t

(4)

qt

=

1
k'2 q2e

+

t
qe

respectively; where, qe = equilibrium Cr(VI) loading onto adsorbent (mg g-1), t= reaction time
(hr),
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qt = Cr(VI) loading at time t (mg g-1),

= pseudo-first order adsorption rate constant (hr-1),

and
= pseudo-second order adsorption rate constant (mg-1 g hr-1).

References in Chapter 4 Supplemental Information
[1]
[2]
[3]

H. Zhu, Y. Jia, X. Wu, H. Wang, Removal of arsenic from water by supported nano zerovalent iron on activated carbon, J. Hazard. Mater. 172 (2009) 1591–1596.
doi:10.1016/j.jhazmat.2009.08.031.
S. Lagergren, About the theory of so-called adsorption of soluble substances., 24 (1898) 1–
39.
Y.S. Ho, G. McKay, Application of kinetic models to the sorption of copper (II) on to peat,
Adsorpt. Sci. Technol. 20 (2002) 797–815.

129

Chapter 4
Heat-treated Biochar Impregnated with Zero-Valent Iron Nanoparticles for
Organic Contaminants Removal from Aqueous Phase: Material
Characterizations and Kinetic Studies
Soroosh Mortazavian a, Tammy Jones-Lepp b, Jee-Hwan Bae c, Dongwon Chun c, Erick R.
Bandala d, Jaeyun Moon a*
a

Department of Mechanical Engineering, University of Nevada, Las Vegas, 4505 S. Maryland

Pkwy., Las Vegas, NV 89154, USA.
b

Department of Civil and Environmental Engineering and Construction, University of Nevada,

Las Vegas, 4505 S. Maryland Pkwy., Las Vegas, NV 89154, USA.
c

Advanced Analysis Center, Korea Institute of Science and Technology (KIST), 5, Hwarang-

ro 14-gil, Seongbuk-gu, Seoul 02792, Republic of Korea.
d

Division of Hydrologic Sciences, Desert Research Institute, 755 E Flamingo Rd., Las Vegas,

NV 89119, USA.
An article published in the Journal of Industrial and Engineering Chemistry, Elsevier Publications
https://doi.org/10.1016/j.jiec.2019.03.041

130

Abstract
Biochar (BC) is an inexpensive and widely available carbon-based material with a variety of
applications. Zero valent iron nanoparticles (nZVI), on the other hand, are highly reactive species.
However, agglomeration and difficulty of separation from the treated media are the major reported
drawbacks associated with nZVI application for water treatment. In this study, BC was modified
by a simple heat-treatment, producing hydrophilic heat-treated biochar (HBC) with enhanced
absorptive features, and was impregnated with nZVI, producing BC/nZVI composite for efficient
organic contaminant removal. Synthesis conditions of BC/nZVI composite were optimized by
evaluating p-nitrosodimethylaniline (pNDA) bleaching efficiency of various BC/nZVI samples
synthesized under different conditions of pH, ultrasonication amplitude, and iron concentration.
Variously-synthesized HBCs were then used to synthesize HBC/nZVI composites, and were
characterized for surface morphology, surface chemistry, and elemental composition. The bestperforming HBC/nZVI for pNDA bleaching was then used for trichloroethylene (TCE) removal
from water. Using HBC/nZVI or BC/nZVI composites, the pseudo-second order model fit
indicated a chemisorption mechanism for organic contaminants removal. Using 250 mg L-1 of the
best-performing HBC/nZVI, an 88% TCE reduction (initial concentration of 40 μg L-1) was
achieved after 20 min at pH = 3.0, with a rate of 3.318 g mg-1 min-1.
Keywords: Biochar modification; Hydrophilic biochar; Surface functional groups; pnitrosodimethylaniline (RNO); Pore structure analysis; Trichloroethylene (TCE) degradation
Abbreviations
BC: biochar
HBC: heat-treated biochar
BC/nZVI: biochar impregnated with zero-valent iron nanoparticles
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HBC/nZVI: heat-treated biochar impregnated with zero-valent iron nanoparticles
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1. Introduction
Contamination of groundwater and soil by chlorinated organic compounds (COC) is a current
environmental issue [1]. This is due to the adverse health effects of COCs such as carcinogenicity
and toxicity [2], as well as difficulties associated with the remediation of COC-contaminated sites
in comparison with other hydrocarbons [1]. One COC of interest is trichloroethylene (TCE), used
in various industrial applications such as fabricated metal parts degreasing, paint stripping, and
pharmaceutical and plastic manufacturing [3,4]. Due to serious human health hazards, including
liver problems and increased risk of cancer [2], the United States environmental protection agency
(USEPA) considered TCE as a priority pollutant, and defined its maximum contaminant level at 5
μg L-1 in drinking water [5]. Many different methods have been investigated for TCE removal
from the aqueous phase, including adsorption [1,6], Fenton reactions [7–12], biological treatments
[13,14], and reduction [15,16]. Removal of TCE from groundwaters is crucial because
groundwater is the main source of drinking water in most areas all over the world. Groundwater
remediation using traditional pump and treat methods has several disadvantages, including back
diffusion, tailing, rebound, and long treatment periods, causing significant environmental
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footprints and high energy consumption [17–19]. To overcome these drawbacks, in-situ
remediation techniques have recently been developed for a more sustainable treatment of
contaminated aquifers [17,20].
Biochar (BC) is an inexpensive carbon-based adsorbent produced from an oxygen-limited
thermal or hydrothermal process of carbonaceous biomass [21]. BC, with a highly-ordered
multiple interconnected networks of micropores, mesopores and macropores, has been recently
considered as an economical substitute for conventional adsorbents, such as activated carbon, and
used to remove a wide variety of contaminants, including VOCs, from aqueous, gaseous, and solid
phases [21–25]. However, because the surface functional groups and the elemental composition of
BCs depend on the biomass source as well as the carbonization process [21], BCs may have limited
selectivity to adsorb some groups of contaminants [26]. Hence, various modification methods have
been investigated for BCs to increase their removal capacities [27–29]. Ahmed et al. [26],
classified BC modification methods aiming to enhance its aqueous contaminants removal
performance into three main groups: (i) steam activation, in which the feed material is firstly
pyrolyzed at 300 ºC to 700 ºC under N2, limited air, or sometimes ambient air, followed by steam
activation at 800 ºC - 900 ºC for 0.5 to 3 h [30]; (ii) heat treatment, in which BCs are heated to
elevated temperatures of 800 ºC - 900 ºC, and then hydrogen, air, or argon is introduced to BC to
form new functional groups; and (iii) chemical modification, including alkaline and acidic
modifications–both of which require subsequent pyrolysis–, as well as impregnation techniques in
which the metal salts or oxides are mixed with BCs. Li et al. [31] reviewed synthesis methods and
applications of metal-biochar composites, and proposed investigating the effects of biochars and
biochar-composites synthesis factors on their sorptive properties for future studies. Tan et al. [32]
also reviewed synthesis methods and applications of activated biochars for activated carbon
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production, and suggested designing biochars for specific target contaminants and characterizing
them in the future studies.
Nanoscale zero valent iron (nZVI) particles are highly reactive species consisting of elemental
iron/iron oxide [33], capable of remediating a wide variety of environmental contaminants from
soil and water, including organic contaminants [33–36] and heavy metals [37,38]. These nano
particles have also attracted special interest for in-situ remediation applications [17,33,39].
In the case of TCE contact with ZVI, two pathways have been considered for dechlorination
[33,40]: (i) beta-elimination, which results in TCE transformation to ethane and short-lived
intermediates, while partially-dechlorinated by-products such as dichloroethene (DCE) and vinyl
chloride (VC) are prevented; and (ii) sequential degradation, which is a step-wise removal of
chlorine atoms, resulting in TCE degradation to cis-1,2 DCE, then to VC, and lastly to ethene and
ethane; the reactions in this pathway are Fenton reagent oxidation.
Beta-elimination is the favorable process for TCE removal, because it produces non-persistent
intermediates. On the other hand, an anaerobic condition is favorable for ZVI reductive reactions
[33], as it decelerates the oxidative passivation of ZVI. Due to the dissolved oxygen demand from
organic biodegradation activities, most of the contaminated groundwater aquifers have nearly
anaerobic conditions [41]. Consequently, reduction of TCE by nZVI is potentially an effective
approach for in-situ groundwater remediation.
Agglomeration of nZVI particles due to their magnetic properties, as well as their interaction
with other materials in the surrounding environment, results in reduced surface area and reactivity
and, thus, decreased efficiency [16,37,42]. Immobilization of nZVI particles onto a porous media,
such as activated carbon [37,43], biochar [9,44], carbon nanotubes [45], SBA-15 [46], and
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bentonite [47] has been reported to significantly improve nZVI performance for aqueous
contaminants removal.
In the present study, a two-step modification process was employed to enhance biochar’s
performance for organic contaminants removal, consisting of: (1) heat treatment of BC, to make
its surface hydrophilic, expecting to enhance its adsorption capacity, and (2) immobilization of
nZVI particles onto the BC, to enhance its contaminant removal efficiency through Fentonoxidation/reduction by Fe0.
In the heat-treatment step, BC particles were subjected to a simple heat-treatment process,
under ambient air at 300 ºC for various time periods of between 2 to 24 h, to produce a variety of
heat-treated BCs (HBCs). The surface functional groups of the resultant HBCs were analyzed, and
their hydro-phobicity/philicity was compared.
In the impregnation step, various composites of BC and nZVI–designated as BC/nZVI–, were
synthesized using the raw BC, under different conditions of pH, ultrasonication amplitude, and
iron concentration. In order to determine the synthesis conditions under which the most-efficient
BC/nZVI could be produced, p-nitrosodimethylaniline (pNDA) bleaching efficiency of different
BC/nZVI samples were compared.
Next, the two modification processes were combined: HBCs were used to synthesize various
HBC/nZVI composites under the identified optimized conditions. The pNDA bleaching efficiency
of various HBC/nZVIs was then compared, and the best-performing HBC/nZVI was selected for
the trichloroethylene (TCE) removal experiments. Production of the chlorinated compound
intermediates was traced, and kinetic studies were performed for both the pNDA and TCE
removal. To the best knowledge of the authors, this is the first study which optimizes a BC/nZVI
composite for aqueous organic contaminant removal by modifying the surface functional groups
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of the BC using a simple heat-treatment and optimizing the BC/nZVI composite’s synthesis
conditions through varying the three most-affecting synthesis factors.
2. Materials and methods
2.1 Chemicals
The biochar used in the present study was purchased from Biochar Now company (Berthoud,
CO). The particle size of the biochar was in the range of 26 to 50 mesh. It was produced from
beetle-killed pine trees from National Forests in the United States, at the pyrolysis temperature
between 550 ºC and 600 ºC under limited oxygen for 8 h. Iron (III) chloride hexahydrate
(FeCl3.6H2O, 97% assay), sodium hydroxide (NaOH, 97.0% assay), p-nitrosodimethylaniline
(pNDA), and trichloroethylene (TCE- ACS reagent, ≥ 99.5% assay, 1.46 g mL-1 density) were
purchased from Sigma Aldrich Corp (St Louis, MO) and used as received. Sodium borohydride
(NaBH4) from MP Biomedicals Corp. (Santa Ana, CA), sulfuric acid (H2SO4, > 95% Assay) from
J.T.Baker (Radnor, PA), acetonitrile (HPLC grade, ≥ 99.8% assay) from EMD Millipore Corp.
(Burlington, MA), and Suwannee River natural organic matter (SR NOM-2R101N reference
sample) were used as received.

2.2. Modification of BC: heat treatment and nZVI impregnation
In the heat-treatment step, the BC particles were heated at 300 ºC under ambient air (using a
Thermo Scientific F48025 muffle furnace) for various time periods of 1, 4, 6, 8, 12, 24, and 48 h.
The nZVI impregnation method was adopted from Yan et al. [9] with some modifications.
Briefly, 125 mL of DI water was bubbled with argon gas for 15 min to expel dissolved oxygen,
followed by adding 1.89 g of biochar (raw BC denoted as BC; heat-treated BC denoted as HBC).
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Then, specific quantities of iron (III) chloride hexahydrate (FeCl3.6H2O) was added to make
predetermined concentrations of 0.027 M, 0.054 M, 0.108 M, and 0.162 M, coded as A, B, C, and
D, respectively; while the mixture was magnetically stirred and bubbled with argon gas. After 15
min, the pH of the iron and BC mixture was adjusted to the predetermined values of 5.0 (coded as
“a” for acidic), 7.0 (coded as “n” for neutral), and 11.0 (coded as “b” for basic), using diluted
sulfuric acid (H2SO4), or sodium hydroxide (NaOH). Then, 50 mL of sodium borohydride
(NaBH4) solution in predetermined molar concentrations of 0.135 M, 0.27 M, 0.54 M, and 0.81 M
(corresponding to the iron concentrations of A, B, C, and D, respectively), were added drop-wise
(1 drop/sec), along with the application of ultrasonic irradiation using a probe sonicator (Qsonica
Q500 0.5 in diameter probe sonicator, frequency 20 kHz, 500 W power, 110 V, 2 s/2 s pulse/rest
ratio) for 20 min. The sonication was applied in various amplitude settings: 0% (no sonication)
coded as “0”, 20% (amplitude of 24 μm) coded as “I,” and 40% (amplitude of 48 μm) coded as
“II”. After the complete addition of NaBH4, the system was reacted for an additional two hours
under bubbling argon. The resultant black-powder material was separated from the solution by
vacuum filtration (Whatman qualitative filter Paper Grade 4, pore size 20-25 μm), washed twice
with argon-purged DI water, and vacuum dried. The final composite samples were then kept under
an argon atmosphere until further characterizations and applications.
To distinguish between the various BC/nZVI samples prepared in this study, the samples were
coded as: [heating time in h if any, H]BC/nZVI#[pH code][sonication amplitude code][iron
concentration code]; for example, the sample made using a 24-h heat-treated BC, at pH = 11.0,
sonication amplitude = 48 μm , and iron concentration = 0.108 M was coded as 24HBC/nZVI
#bIIC. The samples prepared using the raw BC, without any heat treatment, start with BC.
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2.3. Materials characterization methods
The surface functional groups of the BCs were investigated using a Fourier transform infrared
spectroscopy (FTIR, Shimadzu IR Prestige-21 FTIR Spectrophotometer, Shimadzu Corporation,
Japan). For the FTIR analysis, consistent to the method used by Qian et al. [48], the samples were
ground and mixed with potassium bromide (KBr) with a 1/500 mass ratio in order to make pressed
pellets of the samples. The spectra were recorded in the wavenumber range of 400 to 4000 cm-1 at
a resolution of 4.0 cm-1.
The water droplet contact angles with various HBCs and raw BC were measured using an
automatic optical contact angle meter (CAM 200, KSV instruments) at room temperature (22 ±
1 °C). For sample preparation, the method described by Bachman et al. [49] was followed with
some adjustments. Specifically, a double-sided carbon tape was placed on a smooth microscope
glass slide. Biochar particles were ground in a mortar, sieved using sieve no. 20, and then sprinkled
on the carbon tape. A clean glass microscope was then placed on the tape and hand pressed in
order to fix the particles on the tape. The main slide was then shaken carefully to remove loose
particles. The process was repeated three times.
The morphology of the samples was investigated by scanning electron microscopy (SEM,
JSM-5610, JEOL Ltd., Tokyo, Japan). Elemental mapping was carried out using a scanning
transmission electron microscope (STEM, FEI Talos F200X) equipped with XFEG and super-X
EDS systems with four silicon drift detectors (SDDs, Bruker).
Inductively coupled plasma-optical emission spectroscopy (ICP-OES, Thermo iCAP 6300)
was performed following the EPA 3050 digestion method [50] to investigate the exact carbon to
iron mass ratio in various HBC/nZVI samples.

138

X-ray photoelectron spectroscopy (XPS) was conducted by using a PHI 5000 VersaProbe
(Ulvac-PHI) with a background pressure of 2.0×10-7 Pa.
A UV-visible spectrophotometer (Hatch DR/8000U) at a wavelength of 440 nm was used for
pNDA concentration analysis.
To investigate the porous structure properties of biochar before and after nZVI impregnation,
nitrogen adsorption/desorption experiment was conducted, at a degassing temperature of 120 °C
for 12 h with a ramping rate of 0.5 °C min-1. A Brunauer-Emmett-Teller (BET) isotherm was used
to determine specific surface areas.
Concentrations of TCE and chlorinated reaction byproducts, including vinyl chloride, 1,2
dichloroethylene (trans), 1,2 dichloroethylene (cis), and tetrachloroethylene, were analyzed using
purge & trap gas chromatography mass spectrometry (P&T GCMS), following EPA’s P&T GCMS
method 524.3 [51]. A Lumin (Mason, OH, USA) automated volatile organic compound (VOC)
sample preparation system was connected to a Trace 1310 Gas Chromatograph (GC) coupled with
a TSQ 8000 Evo Triple Quadrupole Mass Spectrometer (Thermo Fisher Scientific Inc., San Jose,
CA USA). Briefly, 40-mL of the TCE-containing water samples were poured into 40 mL volatile
organic analysis (VOA) vials, with septa caps, and placed into the Lumin autosampler. A 5-mL
aliquot was automatically transferred from the 40-mL vial into a Lumin sparging vessel, where it
was spiked with 5 PL of internal standard and quality control compounds (5 Pg L-1 concentration).
In GCMS system, the VOCs are purged from the water using nitrogen, and trapped on a sorbent
material. The sorbent trap is heated rapidly, and purged with nitrogen, to efficiently transfer the
analytes onto the head of the chromatography column. The GC conditions were as follows: inlet
was operated in the split/splitless mode: split-flow: 32 mL min-1; ratio: 40:1; GC inlet: 200 ºC; He
flow rate: 0.8 mL min-1; GC temperature program: at time 0 min, initial oven temperature: 38 ºC;
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hold for 4.5 min; ramp rate 12 ºC min-1 to 100 ºC; then 25 ºC min-1 to 225 ºC, hold for 1.32 min.
The GCMS limits of detection were between 0.1 μg L-1 and 0.5 μg L-1, for all the analyzed
compounds.
2.4. Experimental procedures for pNDA and TCE removal
Batch experiments for pNDA removal were begun by making 100-mL pNDA testing solutions
of 10 μM concentration, using a 0.5 mM pNDA stock solution. Predetermined doses of
(H)BC/nZVI samples were then added to the testing solutions, and magnetic stirring was initiated
instantly. At each time interval, 2-mL aliquots of pNDA solution were taken using disposable
pipettes, filtered using syringe filters (0.22 μm pore size, 25 mm diameter, Tisch Environmental
Inc.), and analyzed for UV-visible light absorption at 440 nm. All experiments were conducted in
triplicate, with the mean values reported.
For conducting the TCE experiments, first a 1100 ng μL-1 TCE stock solution was prepared by
spiking 7 μL of the pure TCE (ρ = 1.46 mg μL-1) into 10 mL acetonitrile (ACN), of which 227 μL
was spiked into the 10 mL ACN to give the final 25 ng μL-1 TCE stock solution. Both stock
solutions were kept in the freezer (-18 ºC). In 60-mL VOA vials containing DI water, 250 mg L-1
of the 24 HBC/nZVI #bIIC sample and a stirring bar were added. Then, TCE testing solutions with
a concentration of 40 μg L-1 were made by spiking 96 μL of the 25 ng μL-1 stock into 60 mL DI
water in the VOA vials. The vials were then capped tightly and stirring was initiated instantly.
After the termination of predetermined reaction times, the TCE solution from each 60-mL vial was
filtered through a 0.22 μm syringe filter into a 40-mL VOA glass vial, capped tightly, and kept
refrigerated for a maximum of 15 min. The samples were then analyzed by GCMS.
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2.5. Reusability evaluation
In order to evaluate the reusability potential, the best-performing BC/nZVI composite was
reused up to four consecutive treatment cycles. In each cycle, 250 mg L-1 of the composite was
added into a 100 mL of 10 μM pNDA solution. Aliquots of 2 mL were taken at the time intervals
of 5, 10, 15, 20, 25, and 30 min, were vacuum filtered (PTFE membrane filter, pore size 0.1 μm,
diameter 24 mm, Advantec MFS Inc.), and analyzed for pNDA concentration. After 30 min, the
remaining testing solution containing the used composite particles was vacuum filtered. The
collected BC/nZVI particles were washed three times with 5 mL DI water, dried under vacuum
overnight, and used for the next cycle.
2.6. Kinetic studies
Pseudo-first order, pseudo-second order, and Elovich kinetic models were used to evaluate the
kinetics of pNDA and TCE removal by BC/nZVI. Pseudo-first and pseudo-second order models
are described in Eqs. 1 and 2, respectively:
ln (qe – qt) = ln qe –
t
qt

=

1

+
2

k2 q e

(1)

t

(2)

qe

where t is reaction time (min), qt and qe are adsorbed adsorbate per unit mass of adsorbent (mg
g-1) at time t and equilibrium, respectively, and k1 (min-1) and k2 (g mg-1 min-1) are the pseudo-first
and pseudo-second order models rate constants, respectively.
Elovich model is described as:
=

(

)

+

( )

(3)
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where qt is the adsorbed adsorbate per unit mass of adsorbent (mg g-1) at time t, a (mg g-1 min1

) is the initial adsorbate’s sorption rate, and b (g mg-1) is the desorption constant [52]. In the

Elovich model, the unitless coefficient of 1/bqe is called approaching equilibrium factor. The
adsorption characteristics are defined as instantly approaching equilibrium for 1/bqe < 0.02, rapidly
rising for 0.02 < 1/bqe < 0.1, mildly rising for 0.1 < 1/bqe < 0.3, and slowly rising for 1/bqe > 0.3
[53]. To ensure the validity of the fitted models, the root mean square error (Eq. 4) was used
besides the coefficient of determination (R2) [53].
RMSE =

,

,

(4)

where qt,exp and qt,m are experimental and modeled values (based on the kinetic models) of the
adsorbed mass of adsorbate per unit mass of adsorbent (mg g-1), respectively, and n is the number
of data points.
3. Results and discussion
3.1. Batch experiments for pNDA bleaching
In order to identify the optimum conditions for BC/nZVI synthesis yielding the greatest organic
contaminant removal, the efficiencies of various samples were investigated using pNDA bleaching
as the probe.
Bleaching of the spin-trap pNDA has been extensively investigated in the literature as a
hydroxyl radical (•OH) probe compound [54–57], assuming that the bleaching of the yellow
chromophoric groups in pNDA is solely due to the attack of hydroxyl radicals (•OH) [57]. The
pNDA is not directly oxidized by peroxo compounds [58], such as hydrogen peroxide. However,
when nZVI is present in an aqueous system, these peroxo-compounds could react with Fe2+ ions
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and be converted to •OH radicals, subsequently bleaching pNDA [56]. In the conventional Fenton
reaction, hydroxyl radicals (•OH) are generated by the reaction between Fe2+ ions and H2O2 [59]:
Fe2+ + H2O2 → Fe3+ + •OH + OH−

(2)

In an nZVI-assisted heterogeneous Fenton system, the nZVI particles provide a continuous
source of iron ions in the aqueous solutions [35]:
2Fe0 + O2 + 2H2O → 2Fe2+ + 4OH−

(3)

Hydrogen peroxide required for the Fenton reaction could be generated as [35,60]:
Fe2+ + O2 + 2H+ → Fe2+ + H2O2

(4)

Nevertheless, the generated H2O2 can also react with Fe3+ to produce superoxide species (•O2-)
(Eq. 5), and the superoxide could in turn react with H2O2 (Eq. 6) [61].
H2O2 + Fe3+ → Fe2+ + •O2- + 2H+

(5)

H2O2 + •O2- → Fe2+ + •O2- + 2H+

(6)

Reactions described in Eqs. 5 and 6 result in a hydrogen peroxide deficiency, hindering the
Fenton reaction (Eq. 2). Thus, an external source of hydrogen peroxide would be required in the
nZVI-assisted Fenton systems.
On the other hand, recent investigations of pNDA bleaching under aerobic and anaerobic
conditions in the presence of a catalyst have indicated that pNDA bleaching could also occur due
to the reduction [62], which could be even faster than the oxidative bleaching [56]. Zang et al. [62]
reported a reduction potential of +0.04 V for pNDA at a neutral pH, which is greater than the
conduction band potential of -0.7 V for TiO2. They stated that this would cause the pNDA
accepting electrons from TiO2, thereby undergo reductive bleaching. Simonsen et al. [56] also
demonstrated that in their experimental study, the reductive pNDA bleaching using TiO2 catalyst
was faster than the oxidative bleaching. They proposed that the reduction process could bring an
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electron into the pNDA’s antibonding π-election system, resulting in a bond cleavage [56], causing
bleaching.
Therefore, it could be inferred that oxidation and reduction are two possible mechanisms for
pNDA bleaching. As in ‘nZVI + water’ systems both the Fenton oxidation and reductive reactions
by Fe0 can occur, pNDA bleaching could not be solely attributed to the hydroxyl radical
generation. Yet, investigating pNDA bleaching can be used to evaluate the efficiency of the nZVIcontaining materials for the removal of aqueous contaminants that can be degraded by both the
oxidation and reduction mechanisms. As mentioned earlier, reduction and oxidation have also been
considered as the two probable pathways for TCE removal. Based on that, pNDA was considered
as the probe to determine the best BC/nZVI sample among the various synthesized samples
yielding the greatest removal efficiency.
3.1.1. Optimization of BC/nZVI synthesis conditions by evaluating pNDA bleaching
In order to optimize synthesis conditions, the effects of varying synthesis factors, including
iron concentration, pH of the iron and BC mixture, and the sonication amplitude were investigated
on the pNDA removal efficiency using different BC/nZVI samples synthesized under different
conditions. The BC used for material synthesis here was raw without any heat treatment.
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Fig. 1 Effects of BC/nZVI synthesis factors on its pNDA bleaching efficiency. The effects of (a) pH
of the BC and iron chloride mixture (sonication amplitude = 24 μm, iron chloride concentration = 0.054
M), (b) iron chloride concentration (sonication amplitude= 24 μm, pH = 5.0), and (c) sonication
amplitude (iron chloride concentration = 0.054 M, pH = 5.0). Initial pNDA concentration = 10 μM,
adsorbent dose = 250 mg L-1. Error bars represent standard deviation of triplicate experiments.

As can be observed in Fig. 1a, increasing the pH of the mixture of BC and iron chloride during
the synthesis, enhanced the performance of BC/nZVI composite for pNDA bleaching. This could
be associated with the surface charge of BC which can significantly affect the adsorption of Fe3+
ions. To investigate that, the point of zero charge (pzc) of the raw BC was measured using the
potentiometric mass titration (PMT) method previously described in the literature by Mortazavian
et al. [63,64]. The potentiometric curve in Fig. S1 indicated pHpzc, BC = 9.8, meaning that the surface
of BC is negative in pH > 9.8, and is positive in pH < 9.8. This demonstrated that increasing the
solution pH decreases the positive surface charge of BC, which is favorable for Fe3+ ions
adsorption. In pH = 11.0, the electrical attraction between positively charged Fe3+ and negatively
charged surface of BC improved iron ions adsorption onto the BC, which is advantageous for the
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BC/nZVI composite synthesis. In addition, dissolved iron precipitates in a basic medium. This
likely helped iron ions to precipitate on the BC’s surface in higher pH values, instead of being
dissolved in the liquid phase. After 20 min, the BC/nZVI synthesized at pH = 5.0 degraded ~23%
of pNDA, while the sample synthesized at pH = 11.0 degraded ~31% of pNDA (Fig. 1a).
Fig. 1b shows that by increasing the iron chloride concentration from A to B to C, the pNDA
removal efficiency of the resultant BC/nZVI was improved from 13% to 23% to 42% after 20 min,
respectively. However, a further increase in the iron chloride concentration to D, caused the
removal efficiency decreased to 26% after 20 min. This demonstrated that there was an optimum
level for the iron concentration at which, the resultant BC/nZVI showed the greatest efficiency.
This was possibly because beyond that level, the immobilized nZVI particles in the BC/nZVI
increased in number and thus, agglomerated. The decreased surface area of the agglomerated nZVI
particles could negatively affect the composite’s removal performance. In addition, increased
number of nZVI particles could clog BC pores and reduce its adsorptive capacity.
Fig. 1c indicates that the sonication amplitude during the synthesis influenced characteristics
of the samples and led to enhanced degradation performance of the BC/nZVI. The BC/nZVI
synthesized without applying sonication radiation could degrade ~18% of the pNDA, while 38%
of the pNDA was removed using the sample produced under 48 μm sonication amplitude, both
after 20 min. This was likely because the sonication radiation, applied during the borohydride
reduction, helped the nZVI particles to be smaller and well dispersed.
Consequently, the best BC/nZVI synthesis conditions providing the maximum pNDA
bleaching were determined as the pH = 11.0 (code b), the sonication amplitude = 48 μm (code II),
and the iron chloride concentration = 0.108 M (code C).
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3.1.2 Heat-treated BC for composite synthesis
3.1.2.1. Hydrophilicity evaluation
3.1.2.1.1 Water-droplet contact angle
The extents of hydrophobicity/hydrophilicity of various HBCs and the raw BC were compared
by measuring their water droplet contact angles. The BC particles were heated at 300 ºC for
different time periods of 1, 4, 6, 8, 12, 24, and 48 h, to produce 1HBC, 4HBC, 6HBC, 8HBC,
12HBC, 24HBC, and 48 HBC, respectively. The obtained samples were then subjected to the
contact angle measurement analysis. Results are shown in Fig. 2.

Fig. 2 Water droplet contact angle with (a) raw BC, and HBCs heated at 300 ºC for (b) 1 h, (c) 4 h, (d) 6
h, (e) 8 h, (f) 12 h, (g) 24 h, and (h) 48 h. The dotted line shows the 90º angle as the border between the
hydrophobicity and hydrophilicity.
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As shown in Fig. 2, the raw BC had a hydrophobic nature with a contact angle > 90 º. After 1 and
4 h heating at 300 ºC, the surface became less hydrophobic, as shown by the decreased contact
angles to 106 º and 91 º, respectively. After 6 h, the contact angle fell slightly below 90 º to be 88
º. Therefore, the surface of 6HBC could be considered neutral to slightly hydrophilic. Heating up
to 8 h made the BC’s surface hydrophilic, having a contact angle of 69 º. Increasing the heating
time to 12 and 24 h reduced the contact angle to 26 º and 20 º, respectively. After that, an additional
24 h heating (i.e., 48 h heating) slightly reduced the contact angle to 16.7 º.
Contact angles analysis demonstrated that the heat treatment procedure could convert the
hydrophobic surface of BC to hydrophilic and that the heating time had a significant effect on the
degree of hydrophilicity.
3.1.2.1.2. FTIR spectroscopy
To investigate changes in the BC’s functional groups during the heat treatment procedure,
responsible for the increased hydrophilicity, the FTIR analysis was performed on the raw BC and
various HBCs. Results are shown in Fig. 3.
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Fig. 3 FTIR spectrum of (a) raw BC, and the HBCs heated at 300 ºC for (b) 6 h, (c) 8 h, (d) 12 h, and
(e) 24 h, designated as Raw BC, 6HBC, 8HBC, 12HBC, 24HBC, respectively.

In Fig. 3, the peak at around 3428 cm-1 was observed for the raw BC and all the HBCs,
corresponded to the hydroxyl group (–OH) [65] which poses hydrophilicity. However, the KBr
used for preparing the samples for the FTIR analysis could affect the intensity of this peak, as it
easily absorbs the air moisture. The peak at around 1070.5 cm-1 was also observed with almost a
constant intensity for all the samples (Fig. 3a to 3e). This peak was assigned to the C–O–C stretch
[66,67], which is an oxygen-containing functional group with a hydrophilic nature.
However, there are two other major peaks with different intensities in various samples. First,
the peak at 2917 cm-1, which was assigned to the –C–H stretching [67] in alkanes, inducing
hydrophobicity. As seen in Fig. 3, the intensity of this peak decreased when heating time increased
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from zero in the raw BC (Fig. 3a) to 24 h in the 24HBC (Fig. 3e). This indicated that the heat
treatment reduced the alkane-induced hydrophobicity in HBCs. Second, the peak at 1590 cm-1,
assigned to the C=O (carbonyl group) stretching vibrations [9] which is a hydrophilic functional
group. Fig. 3 shows that by increasing the heating time, the intensity of this peak enhanced (i.e.,
from Fig. 3a to 3e). The formation of carbonyl group was presumably originated from the air
oxygen interaction with the BC’s surface during the heating under ambient air. This could be
another reason for the improved hydrophilicity of the long-heated HBCs.
Results from the FTIR analysis demonstrated that a simple heat treatment under the ambient
laboratory environment diminished the hydrophobicity of BCs by breaking their hydrophobic –C–
H functional groups and enhanced their hydrophilicity by inducing the formation of hydrophilic
C=O groups.
3.1.2.2. Effects of heating time of biochar on the removal efficiency of HBC/nZVI
As explained, heat treatment improved the biochar’s hydrophilicity, which is an advantageous
feature for adsorbents. Therefore, to further enhance composite’s removal efficiency, various
HBCs, including 6HBC, 8HBC, 12HBC, 24HBC, substituted the raw BC as the supporting
medium for the nZVI immobilization.
All the HBC/nZVI composites were synthesized under the optimum synthesis conditions
specified in Section 3.1.1. The obtained composites were examined for the pNDA bleaching to
investigate the effects of the supporting medium’s hydrophilicity on the final composite’s
efficiency. For the comparison of the adsorptive removal efficiency, another set of experiments
was conducted using the un-impregnated raw BC and various HBCs (i.e., without immobilized
nZVI particles). Results are presented in Fig. 4.
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Fig. 4 Effects of biochar’s heating time on its pNDA bleaching efficiency (a) using un-impregnated
biochars, and (b) using various HBC/nZVI samples and BC/nZVI, all synthesized under optimized
conditions with the code of #bIIC. (initial pNDA concentration = 10, adsorbent dose = 250 mg L-1). Error
bars denote standard deviation of the triple runs.

Fig. 4a demonstrates that the un-impregnated HBC samples were significantly more efficient
in pNDA adsorption than the raw BC. After 20 min, the 6HBC showed 34% removal, while the
raw BC only removed 6% of the pNDA. As seen, the greatest improvement was observed after the
first 6-h heating (i.e., between the raw BC and the 6HBC). However, longer heating times of 8,
12, and 24 h resulted in less improved efficiencies compared to the improvement observed for the
first 6-h heating. The removal efficiency improvements after 20 min decreased from 28% between
BC and 6HBC, to 11%, 9%, and 3% moving from 6HBC to 8HBC, to 12HBC, and to 24HBC,
respectively. This decreasing trend could be because the HBCs likely reached their ultimate
adsorption capacity when heated for a certain range of heating time. Thus, even though the heattreatment converted the hydrophobic biochar to hydrophilic, the final capacity of the HBC could
not take over its maximum.
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With impregnation by nZVI particles under the optimized synthesis conditions, all the
(H)BC/nZVI composites performed better than their corresponding un-impregnated biochars (Fig.
4b). These improvements were attributed to the chemical oxidation/reduction reactions of nZVI
leading to pNDA bleaching. As expected, among the nZVI-containing composites, the one
synthesized with the raw hydrophobic BC (BC/nZVI #bIIC) yielded the lowest pNDA removal
efficiency of 40% removal after 20 min (Fig. 4b, black crosses).
However, the removal efficiency enhancements of the (H)BC/nZVI composites (Fig. 4b)
showed a different tendency compared to the (H)BCs (Fig. 4a). After 20 min, the removal
efficiency was only improved by 3% when using 6HBC/nZVI (Fig. 4b, red diamonds). However,
the 8HBC/nZVI enhanced the removal efficiency by 13% after 20 min (Fig. 4b, orange circles).
The performance of the 12HBC/nZVI (green squares in Fig. 4b), with 58% removal after 20 min,
was nearly similar to that of 8HBC/nZVI. An inconsistent efficiency improvement was then
observed when using the 24HBC/nZVI, with a 61% pNDA removal after only 5 min, and 84% of
removal after 20 min (Fig. 4b, blue triangles). These observations suggested a synergy between
nZVI particles and the BC’s surface which was altered by heat treatment.
The observed results could be explained by the different removal mechanisms of HBCs and
HBC/nZVIs in an aqueous system. The un-impregnated (H)BCs act for surface adsorption of
pNDA, which primarily requires the porewater to be able to enter the pores of the adsorbent and
convey the pNDA molecules to the surface adsorption sites. Therefore, a more hydrophilic surface
helps the pNDA molecules to come into contact with the BS’s surface. The increased
hydrophilicity improved the removal efficiency until all the available adsorption sites were
occupied with the adsorbate. After that, a more hydrophilic surface could not benefit the adsorption
capacity.
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When synthesizing (H)BC/nZVI composites, (H)BC particles were soaked in an iron chloride
solution. They adsorb dissolved iron ions (Fe3+) onto their adsorption sites. Adsorbed iron ions
were then reduced to Fe0 nano particles by a borohydride reduction, along with a sonication
radiation making the nano particles smaller and well dispersed. Due to the different size and
electrical charge of the pNDA molecules and Fe3+ ions, their adsorption onto (H)BCs might be
different. In addition, heat treatment could alter the surface charge of the biochars. From the results
in Fig. 4, it could be inferred that the biochar’s adsorption capacity for Fe3+ ions–as the source of
nZVI–was more affected by the probable surface charge alterations caused by the heat treatment,
rather than its surface hydrophilicity. While the biochar’s adsorption performance for pNDA
molecules was more influenced by the surface hydrophilicity.
It should also be noted that since in (H)BC/nZVI composites the nZVI particles occupied many
of the adsorption sites on the biochars, and since those particles potentially affect the surface
charge, the adsorbate removal mechanisms by (H)BCs and (H)BC/nZVIs are most likely different.
Mortazavian et al. [37] impregnated activated carbon by nZVI (AC/nZVI) and measured its point
of zero charge (pzc) to be 3.2; significantly different than the pzc of the virgin AC, which is 6.5.
This demonstrated a surface charge alteration of a carbon-based adsorbent after being impregnated
by nZVI particles, which is an important factor impacting the adsorption of aqueous contaminants.
To investigate the possible reasons for the different pNDA removal efficiencies by various
(H)BC/nZVI samples, as well as the inconsistent improvement observed for the 24HBC/nZVI, the
surface morphology, surface chemistry, and elemental composition of these five composites were
investigated, with the results presented in Section 3.2.
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3.1.3. Kinetics of pNDA removal
In order to investigate the mechanism and the rate of the pNDA removal using different (H)BC
and (H)BC/nZVI samples, kinetic studies were performed using the two commonly used pseudofirst order and pseudo-second order models [29]. Results in Fig. 5a indicate that using raw and
heat-treated BCs without immobilized nZVI particles, the pseudo-first order model could properly
describe the kinetics of the pNDA removal. Fig. 5b shows that using the nZVI-impregnated
composites, the pseudo-second order model was the best fit for the pNDA removal. Table 1
summarizes the characteristics of the kinetic models.
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Fig. 5 Kinetics of pNDA bleaching described by (a) pseudo-first order model for using raw BC and
various HBCs; and (b) pseudo-second order model for using BC/nZVI and various HBC/nZVIs,
synthesized under the optimized conditions.

Table 1 Pseudo-first order kinetic models’ characteristics associated with pNDA removal using BC
and various heat-treated BCs (HBCs).
BC

6HBC

8HBC

12HBC

24HBC

(min-1)

0.080

0.105

0.109

0.114

0.115

qe (mg g-1)

0.383

2.179

2.855

3.238

3.603

R2

0.979

0.975

0.960

0.994

0.985

RMSEq

0.038

0.186

0.329

0.055

0.183
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Table 2 Pseudo-second order kinetic models’ characteristics associated with pNDA removal using
BC/nZVI and various HBC/nZVI samples, all synthesized under the optimized conditions.
BC/nZVI
6HBC/nZVI
8HBC/nZVI
12HBC/nZVI
24HBC/nZVI
#bIIC
#bIIC
#bIIC
#bIIC
#bIIC
-1
-1
(g mg min )
0.038
0.039
0.026
0.023
0.062
qe (mg g-1)
3.329
3.526
4.634
4.760
5.453
R2
0.998
0.998
0.996
0.995
> 0.999
RMSEq
0.022
0.023
0.045
0.061
0.005

Table 1 shows that the pseudo-first order rate constant for the pNDA adsorption increased by
increasing biochar’s heating time. As observed, the greatest increase in the rate constant occurred
after the first 6 h heating from 0.080 to 0.105 min-1 for BC and 6HBC, respectively. High
coefficient of determinations (R2) along with low root mean square errors (RMSE) verified the
validity of the pseudo-first order model to describe the experimental data. This indicated that in
that case, physisorption was the rate limiting mechanism in which, diffusion plays a significant
role.
Table 2 shows that after nZVI impregnation, pNDA removal by using various (H)BC/nZVI
followed the pseudo-second order kinetic model with high R2 and low RMSE values. This
demonstrated that in this case, chemisorption was the rate gathering mechanism in which, electrons
are shared or exchanged between the sorbate and sorbent [68]; presumably by the immobilized
nZVI particles. The rate constants of BC/nZVI and 6HBC/nZVI were closely the same. Also,
8HBC/nZVI and 12HBC/nZVI had close rate constants of 0.026 and 0.023 g mg-1 min-1,
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respectively. The greatest increase in reaction rate constant was observed for 24HBC/nZVI with a
rate of 0.062 g mg-1 min-1.
From the kinetic studies, it was inferred that after impregnation of biochars by nZVI, chemical
reduction/oxidation by nZVI controls the bleaching’s kinetic, while when using the unimpregnated biochars, physical adsorption was the controlling mechanism, depending only on the
diffusion of soluted sorbate [68].
3.2. Material characteristics of various (H)BC/nZVI composites synthesized under optimum
conditions
3.2.1. Morphology and elemental analysis
SEM was used to observe the surface morphology of various (H)BC/nZVI samples, including
BC/nZVI, 6HBC/nZVI, 8HBC/nZVI, 12HBC/nZVI, and 24HBC/nZVI, all synthesized under
optimum conditions with the synthesis code of #bIIC. Results are shown in Fig. 6.
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Fig. 6 SEM images of: (a1 and a2) BC/nZVI, (b1 and b2) 6HBC/nZVI, (c1 and c2) 8HBC/nZVI, (d1
and d2) 12HBC/nZVI, and (e1 and e2) 24HBC/nZVI, all synthesized under the optimized conditions.

The black substrate in the SEM images was biochar, and the spherical chain-like particles were
assumed to be nZVI, with sizes in the range of 50-100 nm. Fig. 6a2 shows that the biochar’s surface
in the composite synthesized using the raw BC, designated as BC/nZVI #bIIC, was smooth with
no noticeable cracks. However, on the surface of the heat-treated BCs, observable cracks were
developed when heating time increased from 6 to 24 h, as shown in Figs. 6b2 to 6e2. As long as
the mechanical properties and the ordered-interconnected structure of BC (shown in Figs. S2 and
S3) are maintained, these developing cracks could increase the surface area of BC, thus improve
its adsorption capacity (See supplemental information Sections 3 and 4 for more about changes in
BCs heated in different temperatures). It can also be observed in Fig. 6 that the increased heating
time caused the formation of a flaky texture on the surface of the composites, besides the BC’s
surface and the spherical nZVI particles. The flaky texture was not significantly observable on the
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samples synthesized by raw BC, 6HBC, and 8HBC (Figs. 6a-, 6b-, and 6c-series). This additional
texture distinctly appeared on the 12HBC/nZVI composite (Fig. 6d-series) and was mostly
observed on the 24HBC/nZVI surface (Figs. 6e-series).
To investigate the effects of heating time of biochars on the elemental composition of the
synthesized composites and the nature of the observed flaky texture, the TEM/EDS analysis was
performed on all the five samples. Fig. 7 and Fig. 8 show the results, assigning different colors to
the carbon (green), iron (red), and oxygen (blue). Focusing on the iron element in Figs. 7a3, 7b3,
7c3, 7d3, and 7e3, it is observed that the quantity of this element increased from BC/nZVI to
24HBC/nZVI, meaning that increasing the heating time from zero, in raw BC, to 24 h, in 24HBC,
fixated more iron onto the biochar’s surface in the synthesized composite. Consistent with SEM
images in Fig. 6, TEM images in Fig. 7 showed that the texture of the (H)BC/nZVI composites
changed by changing the heating time of their biochar substrate.
To accurately investigate the effects of heating time on the elemental composition of the
composites, the ICP-OES analysis was also performed on all these five samples, which is presented
in the next section.
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Fig. 7 TEM/EDS images of (a-series) BC/nZVI, (b-series) 6HBC/nZVI, (c-series) 8HBC/nZVI, (dseries) 12HBC/nZVI, and (e-series) 24HBC/nZVI, all synthesized under the optimized conditions. The
green, red, and blue colors represent carbon, iron, and oxygen element, respectively.

Fig. 8a1 to a5 show the images of a magnified particle of 24HBC/nZVI #bIIC sample, in which
the flaky texture was mostly observed. In Fig. 8a2, which shows the elemental map of carbon as
the biochar substrate representative, the flakes were not observed. This means that the flakes did
not originate from the biochar. Focusing on Fig. 8a3 and 8a4 representing iron and oxygen
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elements, respectively, the flaky texture was observed and matched with the scanned image in Fig.
8a1. This indicated that those flakes consisted of iron and oxygen, thus were iron oxide. Fig. 8a5,
in which all three elements are shown, again demonstrated that the flakes with a magenta color
were a mixture of iron and oxygen elements in red and blue, respectively. This flaky texture
provides a high surface area for iron oxides, which could advantageously enhance its adsorptive
properties [69,70]. This could be a possible reason for the major jump observed in the pNDA
removal efficiency moving from 12HBC/nZVI to 24HBC/nZVI (Fig. 4b).
Finally, Fig. 8b shows a magnified TEM/EDS image of the nZVI particles on the 24HBC/nZVI
#bIIC sample. This image demonstrated the core-shell structure of the nZVI spherical particles
[36], having an iron-rich core covered with a thin iron oxide layer as the shell. According to the
core-shell structure of nZVI, the outer most iron oxide layer, which is formed due to the oxidation
of ZVI, prevents rapid oxidation of the metallic iron core [33]. Therefore, the elemental iron
oxidizes slowly under ambient conditions in water and donates two electrons to an electron
acceptor.
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Fig. 8 TEM/EDS images of the iron oxide flakes on 24HBC/nZVI #bIIC sample: (a1) scanned area,
(a2) carbon element, (a3) iron element, (a4) oxygen element, and (a5) all the three elements. (b)
TEM/EDS of nZVI particles in 24HBC/nZVI #bIIC.

3.2.2. Compositional analysis
To investigate the effects of the biochar’s hydrophilicity on the composition of various
(H)BC/nZVI samples, the ICP-OES analysis was performed on the five different composite
samples made by using the raw BC and various HBCs under the optimized conditions. Results are
shown in Fig. 9.
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Fig. 9 ICP-OES analysis results showing iron/carbon weight percent ratio (%/%) for BC/nZVI and
various HBC/nZVI samples synthesized under the optimized conditions. Error bars represent the standard
deviation of three measurements.

It can be concluded from the ICP-OES analysis that the increased heating time of the biochar
increased the amount of iron in the final composite material. As seen, the iron to carbon weight
percent ratio (%/%) was increased from 0.21 for BC/nZVI to 0.42 for 24HBC/nZVI. The ICP-OES
analysis confirmed the TEM/EDS results, indicating the increased amounts of iron in the
(H)BC/nZVI composites synthesized by using longer-heated biochars. When synthesizing the
(H)BC/nZVI composite, the more hydrophilic surface of the HBCs could assist a deeper
penetration of the iron chloride ions toward the less accessible adsorption sites on the biochar’s
tube-like pores (See Figs. S2 and S3 in the Supplemental Information). This led to an increased
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amount of the total immobilized nZVI particles which were dispersed in a wider area, reducing
their chance for agglomeration.
Results from the ICP-OES and TEM/EDS analyses, along with the pNDA removal
experimental results presented in Section 3.1.1 (Fig. 4), demonstrated enhancing effects of the
increased hydrophilicity of biochar on its removal performance in either impregnated or unimpregnated forms. It can be concluded that heating the biochar, prior to its use as a support for
nZVI particles, improved the composite’s efficiency by: (i) enhancing the adsorptive features of
the biochar substrate; (ii) increasing the amount, and enhancing the dispersity of nZVI particles;
and (iii) helping formation of iron oxide flakes on the composites synthesized by long-heated
HBCs.
3.2.3. Surface chemistry
To investigate the surface chemistry and the oxidation state of the elements, XPS analysis was
performed on the five (H)BC/nZVI composite samples, including BC/nZVI, 6HBC/nZVI,
8HBC/nZVI, 12HBC/nZVI, and 24HBC/nZVI, all synthesized under the optimum conditions with
the code of #bIIC. Peak fitting was conducted using Fityk software [71]. Fig. 10 presents the
results.
In the wide scan XPS spectrums shown in Fig. 10a1 to 10e1, carbon, oxygen, and iron are the
elements detected on all the five samples. Fig. 10a2 to 10e2 show the Fe2p narrow scan XPS
graphs. The peak with the average binding energy of 719.76 eV, observed for all five samples,
could be assigned to the Fe2p1/2 orbitals in Fe0 [37,72]. Peaks with the average binding energies
of 711.62 eV and 725.34 eV were assigned to Fe2p3/2 and Fe2p1/2 of magnetite (Fe3O4) [73], and
peaks averagely at 713.72 eV and 727.86 eV were assigned to Fe2p3/2 and Fe2p1/2 of hematite
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(Fe2O3) [74]. Considering the core-shell structure for the nZVI particles (see Fig. 8b), the iron
oxide peaks presumably originated from the oxide shell, and the Fe0 peak was from the core.
Only for the BC/nZVI sample–synthesized with the raw BC–, an additional satellite peak of
FeO at 715.4 eV [75] was observed (Fig. 10a2). This peak was absent in the Fe2p XPS graphs of
the other four samples in Figs. 10b2 to 10e2. This could be explained by the possible effect of
carbon substrate on the nZVI particles’ oxidation. As the FTIR analysis in Fig. 3 showed, after
heat treatment, carbonyl groups appeared on the HBC surface. Reduction of carbonyl compounds,
as a well-used reaction in synthetic chemistry, has been recently reported by using iron
nanoparticles as catalysts [76,77]. Carbonyl reduction by Fe0 particles likely caused a faster
oxidation of nZVI particles on HBCs than the ones on the un-oxidized raw BC. Therefore, it could
be suggested that on the BC, Fe0 was first oxidized to Fe2+, forming a FeO oxide layer coating. By
further air oxidation, it reached to the stable oxidation state of Fe3+, forming an Fe2O3 layer
covering the FeO. On the HBC, carbonyl reduction by Fe0 probably accelerated the oxidation of
the nZVI shell toward reaching its stable form of Fe3+, inhibiting formation of a FeO layer with a
considerable thickness. This faster oxidation, induced by carbonyl groups on HBC, would help
nZVI particles passivate less due to the rapid formation of a stable Fe3+ layer coating, which would
keep the nZVI particles safer against further oxidation, thus, a less reactivity loss would occur. It
is worthy to note that the heat treatment was only applied on the biochars before nZVI
impregnation. In other words, nZVI particles were not subjected to heat treatment in any of the
composite samples.
The accelerated iron oxidation by carbonyl groups could also be the possible reason for the
formation of iron oxide flakes on the HBC samples with a longer heating time, as they had more
carbonyl groups on their surface.
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The XPS analysis also showed that moving from BC/nZVI, synthesized with the raw BC, to
24HBC/nZVI, synthesized with the biochar heated the longest, the peak position of Fe2p 3/2 in
Fe2O3 shifted to the left (i.e., higher binding energies) (see Fig. 10a2 to 10e2). This peak shifted
from 713.076 eV in BC/nZVI to 713.9, 714.03, 714.011, and 714.166 eV in 6HBC/nZVI,
8HBC/nZVI, 12HBC/nZVI, and 24HBC/nZVI, respectively. This demonstrated a more stable
form of iron (III) oxides on the composites synthesized with the longer-heated HBCs. Fig. 11
depicts a schematic of the proposed nZVI core-shell structure on the raw BC and HBC.
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Fig. 10 Wide-scan (left column) and Fe2p narrow-scan (right column) XPS spectrums for (a1, a2)
BC/nZVI, (b1, b2) 6HBC/nZVI, (c1, c2) 8HBC/nZVI, (d1, d2) 12HBC/nZVI, and (e1, e2) 24HBC/nZVI
samples, all synthesized under the optimized conditions.
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Fig. 11 Schematic of the different core-shell layers for nZVI particles on (a) raw BC, and (b) HBC.

From Fig. 11 and considering results in Section 3.1.2.2 related to the efficiencies of various
(H)BCs and (H)BC/nZVIs for pNDA removal, it can be inferred that the BC and the immobilized
nZVI particles had a synergistic effect when interacting with aqueous contaminants. Surface
characteristics of HBCs, including surface functional groups and surface charges, altered due to
the heat treatment. This affected nZVI particles’ oxidation state and shape (Fig. 11), which had a
significant effect on the whole composite’s efficiency (Fig. 4). Therefore, regarding the synergy
between the nZVI and BC, BC helped nZVI particles to maintain their high surface area and
reactivity by limiting their agglomeration chance, and also altered the surface oxidation state and
shape of the particles when heated for various time periods, affecting the composite’s efficiency.
On the other hand, nZVI particles added a great reductive potential to BC when embedded inside
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its pores, while their outer iron oxide layer can also serve as adsorption sites for aqueous
contaminants [70].
3.3. Optimized HBC/nZVI
3.3.1. Surface area analysis
The pore structure of 24HBC and 24HBC/nZVI #bIIC were studied and compared using
nitrogen adsorption/desorption experiment. The isotherms and pore size distribution graphs are
shown in Fig. 12, and the pore structure characteristics are listed in Table 3.

Fig. 12 Nitrogen adsorption/desorption isotherms for (a) 24HBC, and (b) 24HBC/nZVI #bIIC. Pore size
distribution graphs for (c) 24HBC, and (d) 24HBC/nZVI #bIIC.
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Table 3 Results of nitrogen adsorption/desorption analysis of 24HBC and 24HBC/nZVI #bIIC.
BET specific surface
Micropore surface
Micropore surface
area (m2 g-1)
area (m2 g-1)
area proportion
24HBC
215.63
124.23
0.58
24HBC/nZVI #bIIC
138.86
63.83
0.46

It is inferred from Figs. 12a and 12b that both 24HBC and 24HBC/nZVI #bIIC are of hysteresis
adsorption/desorption loops, based on the updated classification of physisorption isotherms by
IUPAC [78]. In hysteresis loops, the adsorption and desorption curves do not coincide, generally
associated with capillary condensation [78]. As observed in Figs. 12a and 12b, hysteresis started
for pores wider than ~ 4 nm, which is consistent with the IUPAC defined hysteresis- accompanied
capillary condensation isotherms.
Both isotherms can be classified as H4 hysteresis type, found with micro-mesoporous carbons
[78]. In H4 type isotherms, the adsorption branch is a composite of Type I and Type II: (i) A sharp
uptake at very low p/po, resembling Type I isotherm, is because of adsorbent-adsorptive
interactions in narrow micropores causing these micropores to get filled at low p/po values. The
steep initial uptake is a representative of materials having narrow micropores of width < 1 nm; (ii)
Unrestricted adsorption at high p/po, resembling Type II isotherm, indicates that the thickness of
the adsorbed multilayer increased unlimited when p/po approaches one.
Focusing on point α in Fig. 12a and 12b, which is the beginning of the middle semi-linear
section, it is observed that 24HBC and 24HBC/nZVI have a similar sharp curve at around p/po =
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0.1. This point corresponds to the completion of the monolayer adsorption and beginning of the
multilayer coverage. Consequently, the pore structure of 24HBC was not dramatically altered after
impregnation by nZVI (giving 24HBC/nZVI #bIIC).
However, BET specific surface area (SSA) decreased by 35.6% from 215.63 m2 g-1 for 24HBC
to 138.86 m2 g-1 for 24HBC/nZVI #bIIC, presumably because of pore blocking by nZVI particles.
The decreased SSA of BC after nZVI impregnation obtained in this study was significantly lower
than a previous study by Zhou et al. [79], reported decreased SSA of biochars synthesized from
bamboo, sugarcane bagasse, hickory wood, and peanut hull of 64.6%, 77.8%, 99.4%, and 99.3%,
respectively, after being coated with chitosan.
As observed in Figs. 12c and 12d and Table 3, the proportion of micropore surface area to the
total specific surface area decreased from 0.57 for 24HBC to 0.46 for 24HBC/nZVI.
Mortazavian et al. [64] investigated nitrogen adsorption/desorption isotherm of granular AC,
and showed that it was of Type I(b), demonstrating that AC primarily consisted of micropores <
2.5 nm, or possibly mesopores ranging between 2.5 and 5 nm.
While BC has a lower ratio of mesopores to macropores than AC, it has various surface
functional groups which can benefit adsorption process. Considering a lower cost associated with
using BC, it has been considered as a potential alternative adsorbent for AC, and as a supporting
medium for nZVI immobilization.
3.3.2. TCE removal efficiency under different experimental conditions
In order to verify the efficiency of the HBC/nZVI composite for the treatment of the aqueous
COCs, TCE removal experiments were conducted using the best-performing composite material
resulting from the pNDA bleaching experiments, designated as 24HBC/nZVI #bIIC. To evaluate
the contribution of the adsorption mechanism, the 24HBC sample (without immobilized nZVI)
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was also tested for the TCE removal under the same experimental conditions (Fig. 13a). In order
to simulate the groundwater conditions, the effects of the solution’s initial pH, as well as the
presence of the natural organic matter (NOM), were investigated. Results are shown in Fig. 13b
and 13c, respectively. The initial TCE concentration and the adsorbent dose were ~ 40 μg L-1 and
250 mg L-1, in all the experiments, respectively.
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Fig. 13 TCE removal efficiency using 24HBC/nZVI #bIIC (a) compared with 24HBC in natural pH ≃ 8.5
with no added NOM, (b) in natural pH ≃ 8.5, pH = 3.0, and pH = 7.0 with no added NOM, and (c) with 0,
12.5, and 25.0 mg L-1 NOM added in natural pH ≃ 8.5. Adsorbent dose = 250 mg L-1. Error bars denote
standard deviations.
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In all the experiments, concentrations of TCE along with potential chlorinated reaction
byproducts, including vinyl chloride, 1,2 dichloroethylene (trans), 1,2 dichloroethylene (cis), and
tetrachloroethylene were analyzed. Results from the GCMS analyses showed non-detected values
for all the intermediate compounds under all experimental conditions, even after the first 2.5 min.
This demonstrated that both the 24HBC and 24HBC/nZVI #bIIC removed the TCE without
producing transforming chlorinated compounds, and suggested that the latter dechlorinated the
TCE through the beta-elimination by nZVI, which is the advantageous removal pathway.
Reactions responsible for the reductive degradation of chlorinated organic compounds by Fe0 have
been described as [16]:
Fe0 + RCl + H2O → Fe(OH)2 + RH + Cl-1 + H+

(7)

Fe0 + 2H+ + RCl → Fe2+ + Cl-1 + H2

(8)

In the aqueous phase, the produced H2 can also act as an electron donor for reductive
dechlorination of COCs [41], as shows in Eq. 9.
Fe0 + 2H2O → Fe2+ + H2 + 2OH-

(9)

In addition, an acidic aqueous medium could help dechlorination of the target contaminant
[16]:
RCl + H+ + 2e- → RH + Cl-1

(10)

Reduction of TCE by macro-ZVI (mZVI) and nZVI particles has been previously investigated.
For example, Xin et al. [15] investigated the efficiency of mZVI for TCE removal in groundwater.
In another study, on the application of xanthan gum-modified mZVI for TCE removal [80], they
proposed that TCE was first adsorbed onto the iron’s surface, followed by desorption and reduction
processes. They assumed that the TCE removal by mZVI was mainly attributed to chemical
reduction. They showed complete dechlorination of TCE by mZVI with no chlorinated
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hydrocarbon byproducts detected [15]. Tian et al. [16] modified nZVI by PEG-4000 for
remediation of TCE contaminated soil. They considered a reduction-and-adsorption procedure as
the possible TCE removal pathway and found DCEs and VC intermediates during the TCE
dechlorination. Arnold and Roberts (2000) [40] investigated the pathways and kinetics through
which chlorinated ethylene and its TCE product react with Fe0. Dong et al. [81] compared TCE
degradation by using nZVI and nZVI activated persulfate, both with or without EDTA, and showed
that EDTA had a positive effect on the TCE degradation by nZVI, and inhibited TCE degradation
in an nZVI/persulfate system. They found ethene and small amounts of ethane and acetylene as
the reaction products. Yan et al. [9] investigated a Fenton reagent oxidation process using nZVI
loaded on BC activated with hydrogen peroxide for TCE degradation, and obtained nearly 80%
TCE removal after 30 min.
In the present study, TCE degradation efficiency initially was significantly greater for
24HBC/nZVI #bIIC, while the 24HBC sample showed closely the same TCE removal after 15 min
(Fig. 13a). However, adsorption of TCE is not a safe method for remediating contaminated sites,
as either regeneration or deposition of the used adsorbent would return the adsorbed TCE back
into the aqueous or solid phase. By using the composite of HBC/nZVI, TCE was presumably first
adsorbed on the surface of BC and iron oxides and then degraded into the dechlorinated
compounds by nZVI. Thus, the regeneration or deposition of the HBC/nZVI composite used for
the TCE removal would be safe, as it inhibits the secondary pollutions. This justifies the
impregnation of the hydrophilic biochar with nZVI particles for the remediation of TCE
contaminated sites. Nevertheless, application of 24HBC for TCE adsorption can also be considered
as an effective and inexpensive method for TCE remediation when low-cost adsorbents are
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preferred. To further investigate the removal mechanism of TCE using the impregnated and unimpregnated biochars, kinetic studies were performed which are presented in the next section.
Regarding the effects of surrounding conditions, Fig. 13b shows that the lower pH values were
beneficial for the TCE removal. Consistent with Eq. 10, higher concentrations of H+ ions could
shift the reaction to the right, resulting in further reduction of TCE. At the pH values of 3.0 and
7.0, 84% and 88% of TCE was removed, respectively, yielding TCE concentrations of 6.4 and 4.8
μg L-1. Fig. 13c indicates that NOM addition enhanced the TCE removal, which could be due to
the oxygen consumption by NOM, postponing the oxidative passivation of nZVI. This suggested
that the HBC/nZVI composite may perform even better in the groundwaters, which generally have
low dissolved oxygen and high NOM concentrations.
3.3.3. Kinetics of TCE removal
In order to determine the controlling mechanisms and the rate of TCE removal by 24HBC and
24HBC/nZVI #bIIC, pseudo-first order, pseudo-second order, and Elovich models were used.
These are the most commonly used kinetic models in the literature when similar catalysts were
used for contaminants removal [28,29,82]. Results are shown in Fig. 14 and Table 4.
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Fig. 14 Kinetics of TCE removal by using: 24HBC at natural pH ≃ 8.5 with no added NOM; fitted
to (a) pseudo-first order, (b) pseudo-second order, and (c) Elovich models; and by using 24HBC/nZVI
#bIIC in various pH values and NOM concentrations, fitted to (d) pseudo-first order, (e) pseudo-second
order, and (f) Elovich models.
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Table 4 Kinetic models’ characteristics associated with TCE removal using 24HBC and 24HBC/nZVI #bIIC under various experimental
conditions.
Conditions
Pseudo-first order model
Pseudo-second order model
Elovich model

As shown in Table 4, the experimental data for TCE removal using the un-impregnated 24HBC
fitted best with the Elovich model yielding the greatest R2 and the lowest RMSE values between
the three applied models. The approaching equilibrium factor (1/bqe) of 0.399 > 0.3 demonstrated
that the adsorption process was slowly rising. Pseudo-first order model was the next well-fitted
model considering both R2 and RMSE values, with a rate of 0.166 min-1.
When the 24HBC was impregnated by nZVI particles under the optimized synthesis conditions
(giving the sample 24HBC/nZVI #bIIC), the kinetics of TCE removal fitted well with both the
pseudo-second order and Elovich models (Fig. 14e and 14f, and Table 4). Comparing Elovich
model’s approaching equilibrium factor for using 24HBC/nZVI #bIIC in various conditions, it was
inferred that increasing NOM from 0 to 12.5 then to 25.0 mg L-1, decreased 1/bqe values from
0.238 to 0.159 to 0.131, respectively. This demonstrated that adding NOM decreased the time
required to reach the equilibrium conditions. Decreasing the pH had a similar effect on 1/bqe, as
lowering pH from 8.5 to 7.0 to 3.0 decreased 1/bqe from 0.238 to 0.127 to 0.110, respectively,
meaning that it accelerated the reaction towards equilibrium. This could be because acidic pH
assisted removing the oxide layer cover of nZVI particles, thus facilitated Fe0 fast reaction with
TCE. These results agree with the enhanced and inhibited TCE removal efficiency when increasing
NOM concentration and decreasing pH values, respectively, as discussed in Section 3.3.2.
In addition, comparing approaching equilibrium factors for TCE removal using 24HBC and
24HBC/nZVI #bIIC under the conditions of no NOM at natural pH of 8.5 (Table 4), it is inferred
that nZVI immobilization enhanced the TCE removal rate, indicated by the lower 1/bqe value for
24HBC/nZVI of 0.1 < 0.238 < 0.3, categorized as a mildly rising reaction, while 24HBC was a
slowly rising reaction with 1/bqe = 0.399 > 0.3.
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The initial sorption rate described by parameter a in the Elovich model indicated that TCE
removal rate increased significantly when 24HBC was impregnated by nZVI. At pH ≃ 8.5 and
with no added NOM, this parameter obtained 0.037 mg g-1 min-1 and 0.133 mg g-1 min-1 for 24HBC
and 24HBC/nZVI, respectively, showing that the TCE removal rate increased 3.6-times after nZVI
impregnation.
As Table 4 shows, while both Elovich and pseudo-second order models showed small RMSE
values for using 24HBC/nZVI #bIIC, the pseudo-second order model showed greater R2 values in
all the experimental conditions. The excellent fit to the pseudo-second order model demonstrated
that chemisorption was the controlling mechanism rather than sorbate diffusion. This is also
consistent with the pseudo-second order kinetics obtained for the pNDA removal using various
(H)BC/nZVI composites (Section 3.1.3, Fig. 5b).
As shown in Table 4, with no added NOM, the TCE removal rate increased from 1.094 to
3.269 to 3.318 g mg-1 min-1 when lowering the initial solution pH from 8.5 to 7.0 to 3.0,
respectively. At natural solution pH ≃ 8.5 (i.e., no pH adjustment), TCE removal rate increased
from 1.094 to 2.636 to 3.231 g mg-1 min-1 when the NOM concentration increased from zero to
12.5 to 25.0 mg L-1, respectively.
Table 5 summarizes synthesis methods, application conditions, and efficiencies of various
modified and un-modified biochars reported in the literature for the removal of organic and
inorganic contaminants.
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Table 5 Comparison of various modified and un-modified biochars for the removal of organic and
inorganic contaminants from aqueous media.
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It is inferred from Table 5 that modified and un-modified biochars are efficient for heavy
metals and organic contaminants removal. Specifically, regarding degradation rates and
experimental conditions for TCE removal, the HBC/nZVI composite showed a significantly
greater rate compared to the previously reported results in the literature, with the advantage of not
requiring pH adjustments and/or oxidizing agents.
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3.3.4. Reusability potential of the optimized HBC/nZVI
The optimized HBC/nZVI was investigated for its reusability potential, as suggested in Tan et
al. [70] review study of biochar-based nano-composites to evaluate the reusability of these
composites in the next studies. Results in Fig. 15 show that after 30 min, pNDA bleaching
efficiency decreased from 91.1% in the first cycle, to 80.2%, 65.0%, and 46.5% in the second,
third, and fourth cycles, respectively. The observed decrease in the material’s efficiency was
assumed to be due to the passivation of nZVI particles after each run, as well as deposition of the
adsorbate molecules on HBC and on the iron oxide layer of the nZVIs.
Results demonstrated that the synthesized composite in this study had a competent reusability
potential when only washed with small quantities of water and dried after each cycle. Therefore,
HBC/nZVI can be considered a promising adsorbent for practical applications, such as soil barriers
for in-situ remediation of polluted groundwaters.
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Fig. 15 Reusability potential of the optimized HBC/nZVI for pNDA bleaching in four consecutive
cycles (initial pNDA concentration = 10 μM, adsorbent dose = 250 mg L-1).

4. Conclusions
In this study, a commercial biochar (BC) was modified by heat treatment, and impregnated
with nZVI particles to produce an efficient carbon-based composite material for aqueous organic
contaminant removal, and potentially for remediating TCE-contaminated groundwater aquifers.
The FTIR analysis along with the water-droplet contact angle measurement showed that the
hydrophilicity of biochar was enhanced by heating it at 300 ºC and that the heating time
significantly affected the degree of its hydrophilicity. By changing synthesis conditions of
BC/nZVI composite, including the pH of the BC-iron chloride mixture, sonication amplitude, and
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iron concentration, as well as by comparing the pNDA bleaching efficiency of different BC/nZVI
samples, the best synthesis conditions were identified to be pH = 11.0, sonication amplitude = 48
μm, and iron chloride concentration of 0.108 M. HBCs were then substituted with BC, producing
HBC/nZVI composites. The SEM analysis along with TEM/EDS showed a spherical shape for the
nZVI particles on (H)BC/nZVI samples and revealed that a flaky texture of iron oxide appeared
on the composites synthesized using HBCs heated for more than 12 h. TEM/EDS also showed that
longer heat-treated HBCs provided a preferable surface for elemental iron and iron oxide
formation. The ICP-OES analysis confirmed a higher iron to carbon weight-percent ratio in the
composites with the longer-heated HBCs. The remarkable enhancement in the pNDA bleaching
efficiency when using the 24HBC/nZVI #bIIC composite, which was featured by a considerable
amount of flaky iron oxides, demonstrated the significant effect of the heating time and surface
morphology on the composite’s efficiency, presumably associated with adsorption induced by the
iron oxide flakes and diminished passivation of Fe0. Pore structure analysis showed that when
24HBC was impregnated by nZVI particles, producing 24HBC/nZVI #bIIC, its specific surface
area decreased by 35.6 %.
TCE experiments using the best-performing composite showed fast and efficient removal,
which was further enhanced in lower pH values. The addition of NOM, as a groundwater condition
simulator, slightly enhanced the TCE removal; presumably due to the oxygen consumption by the
NOM, which delayed passivation of nZVI. None-detected chlorinated hydrocarbons indicated the
chemical reduction of TCE by nZVI, which is the favorable pathway for TCE dechlorination. In
addition, this study introduced an inexpensive and highly efficient adsorbent (i.e., 24HBC) for
TCE removal from the aqueous phase which could be a suitable substitute for expensive
adsorbents, like activated carbon.
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Kinetic studies of both the pNDA and TCE removal using (H)BC/nZVI composites suggested
synergistic effects of nZVI and (H)BC in contaminants reduction.
Results of this study revealed that the increased hydrophilicity of the BC substrate assisted the
BC/nZVI composite’s efficiency by enhancing its adsorptive features, surface morphology, and
hindering passivation of the nZVI particles.
Reusing 24HBC/nZVI #bIIC particles maintained favorable efficiencies, indicating that
24HBC/nZVI #bIIC is a promising adsorbent for practical applications, such as soil barriers for
in-situ groundwater remediation or for the treatment of waters contaminated with heavy metals.
Further studies need to be conducted to evaluate this composite’s efficiency as a Fenton reagent
catalyst for oxidative treatment of contaminants.
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Chapter 4 Supplemental Information
1. Potentiometric mass titration graph for determining the point of zero charge of the BC:
Based on Fig. S1, the point of zero charge for raw BC was determined as pHpzc, BC = 9.8.

Fig. S1 Point of zero charge (pzc) for the raw BC

2. Low magnified SEM images of raw BC and 24HBC
Fig. S1 shows the ordered structure of BC consisted of interconnected micropores, providing a
high surface area which is an advantageous feature for adsorbents. It is also an important
characteristic when a material is used as a substrate for nZVI immobilization. Fig. S2
demonstrates that after 24 h heating at 300 ºC, the ordered structure was still intact.
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Fig. S2 SEM images of raw BC in various magnifications of (a) x250, (b) x400, and (c) x950,
showing its ordered macroporous structure providing a high surface area.

Fig. S3 SEM images of 24HBC in various magnifications of (a) x300, (b) x400, and (c) x1000,
showing the maintained ordered structure after 24 h heating at 300 ºC.

3. Weight loss of BC after heat treatment
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In a study by Graber et al. [1], in which biochar was synthesized at 650 ºC from a dry biomass,
the weight loss percentage was correlated to the ash content. In this study, we calculated the
weight loss of BC after 24 hr heating at 300 ºC, as below:
Weight loss (%) =

× 100

where WBC and W24HBC are weights of raw BC and 24HBC (g), which was obtained 24.2%.
However, it should be noted that the observed weight loss during the heating could be due to the
loss of moisture content as well. Therefore, it could not be directly used as an estimation of ash
content. In a previous study by Mortazavian et al. [2], the thermogravimetric analysis graph of
AC showed around 10% and 13% weight loss when AC heated up to 300 ºC and 600 ºC,
respectively, presumed to be due to the moisture content loss [2].
In this study, the appearance of ash in 24HBC was visually checked. Results in Fig. S4 indicated
that BC (black particles) was not dramatically turned into ash (light brown dusty particles) after
heating at 300 ºC for 24 h.

197

Fig. S4 Pictures of raw BC (left) and 24HBC (right), showing that BC particles were not
dramatically turned into ash after heating at 300 ºC for 24 h.

4. Heat treatment with an increased temperature:
Fig. S4 shows the pictures of the raw BC and a heat-treated BC heated at 500 ºC for 24 h. As
observed, the 500 ºC heated BC mostly turned to ash, meaning that it lost its mechanical
properties and would not be proper for the nZVI immobilization.
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Fig. S5 (a) raw BC particles, (b) hated-BC at 500 ºC for 24 h. Yellow circles show water droplet in
contact with each of the samples.

Fig. S5 shows water droplets in contact with raw BC and the 500 ºC-heated BC. As observed,
raw BC particles covered the surface of water droplet (Fig. S5a, yellow circles) due to its
hydrophobicity, while the heated BC got wet by the water as it penetrated inside the water
droplet, showing that it is a hydrophilic material (Fig S5b, yellow circles). However, this heated
BC would not be a proper substrate for nZVI immobilization as it has turned to ash (the black
BC turned to light-brown ash after heating at 500 ºC).
Fig. S6 shows the SEM images of 500 ºC heated BC. It can be observed that the ordered
network-structure of BC was significantly deformed.
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Fig. S6 SEM images of a heated-BC at 500 ºC for 24 h.
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Chapter 5
Conclusions and Recommendations
This research presented a detailed synthesis procedure for producing four modified carbonbased adsorbents to be used as advanced materials with significantly-improved efficiency for the
removal of aqueous Cr(VI) and TCE. Physical and chemical characteristics of the modified and
un-modified adsorbents, including surface morphology, elemental composition, pore structure,
point of zero charge, and surface chemistry were analyzed and discussed in detail. Adsorption
capacity and kinetics of contaminants removal were investigated and compared. The reusability
potential of the synthesized adsorbents, which is an essential factor for using adsorbents in
industrial scales, were also evaluated. Characterizations and kinetic studies revealed different
mechanisms of aqueous contaminants uptake for the modified and un-modified adsorbents.
Results demonstrated that modified activated carbon’s efficiency for Cr(VI) removal
significantly enhanced after being coated with PSR (i.e. AC-PSR composite) and after being
impregnated with nZVI particles (i.e. AC/nZVI composite). Specifically, adsorption capacity for
AC-PSR increased from QM, AC = 3.472 mg/g for AC to QM, AC-PSR = 8.929 mg/g for AC-PSR, and
isotherm studies showed a stronger binding between Cr(VI) and AC-PSR compared to AC (bA, AC
= 0.391 L/mg vs. bA, AC-PSR = 0.696 L/mg). Regenerated AC-PSR showed an 8% increase in Cr(VI)
removal efficiency after the first cycle, and then maintained a ~98% Cr(VI) removal for three
additional successive cycles. AC/nZVI showed 2.2 times faster Cr(VI) removal rate compared to
AC (

AC/nZVI

= 0.363 g mg-1 hr-1 vs.

AC

= 0.164 g mg-1 hr-1). Freundlich isotherm model’s

characteristics showed 33-times higher Cr(VI) adsorption capacity and a greater Cr(VI) affinity
for AC/nZVI compared to AC. Reusability of AC/nZVI for Cr(VI) treatment indicated a 68%
removal efficiency after five cycles.
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Biochar modifications results also showed significant improvements in aqueous contaminants
removal. Hydrophilic biochar (HBC) showed significantly higher adsorption capacity and rate for
pNDA as an organic probe contaminant, with a maximum adsorption efficiency improvement from
6% for raw BC to 57% for 24HBC (heated 24 hours at 300 ºC under ambient air). After nZVI
impregnation onto the heat-treated hydrophilic biochar and optimizing synthesis procedure
considering three variable factors of pH of iron chloride and biochar mixture, ultrasonication
amplitude, and iron chloride concentration, 24HBC/nZVI composite obtained and showed 84%
pNDA removal after 20 min. Using 250 mg L-1 of 24HBC/nZVI, as the best-performing material,
an 88% TCE reduction (initial concentration of 40 μg L-1) was achieved after 20 min at pH = 3.0
with a rate of 3.318 g mg-1 min-1. However, at the neutral pH of 7.0, TCE removal efficiency
obtained nearly similar to that at pH of 3.0 (~ 85% removal after 20 min), showing that acidic pH
is not necessarily required for TCE removal using 24HBC/nZVI composite.
Regarding scaling up and practicality, AC-PSR is recommended to use when prolonged contact
time is allowed, making it a good choice for in-situ groundwater remediation in the form of a soil
barrier. Also, acid treatment of AC-PSR prior to the first use is recommended to boost its
efficiency, based on the regeneration and reusability results shown in Chapter 2 Fig. 16. The
limitations for AC-PSR practical applications could be the usage of toluene for dissolving PSR
and coating it onto AC which produces waste toluene. Also, as shown in Fig. 6 in Chapter 2, the
efficiency of AC-PSR for Cr(VI) removal is affected by the pH of the solution; however, results
in Fig. 6 implied that the decreasing trend of Cr(VI) removal efficiency is almost similar for virgin
AC and AC-PSR. This indicates that AC-PSR can be considered as a substitute for virgin AC as
both are affected the same by solution pH. It should be noted that AC-PSR, as a reactive composite
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adsorbent, can be stored in ambient conditions and does not need special maintenance conditions;
meaning that its reactivity is not deteriorated by time.
For the application of AC/nZVI, it should be considered that AC/nZVI should be stored under
vacuum conditions until its use, in order to maintain the reactivity of nZVI particles. This would
induce additional costs to the treatment procedure. However, since nZVI particles can react with
a wide range of water contaminants prone to reductive degradation, the use of this composite can
be justified against its synthesis and storage costs. AC/nZVI can be used in the form of a column
for water and wastewater treatment instead of unmodified granular activated carbon column being
commonly used. Like AC-PSR, AC/nZVI can also be used as a reactive soil barrier for
groundwater remediation since it is faster and has a significantly greater capacity than AC for
Cr(VI) remediation (Chapter 3 Fig. 6). As shown in Table 2 in Chapter 3, the release of iron to the
treated aqueous media as a secondary pollutant is under the NSDWRs regulatory level even in an
acidic pH of 4.0.
Biochar was first treated by a simple heat treatment under ambient air in this dissertation and
showed successful transformation from hydrophobic to hydrophilic. Biochar’s primary application
has been the soil amendment because of its hydrophobicity. This research for the first time
introduced a simple heating method for converting hydrophobic biochar to a hydrophilic adsorbent
to be used for water treatment, and showed that this treatment significantly enhanced aqueous
contaminants adsorption capability of biochar. As shown in Fig. 13 in Chapter 4, even without
nZVI reactive particles, HBC removed ~85% TCE after 20 min. Therefore, the use of HBC as an
inexpensive and efficient adsorbent is recommended for TCE remediation. A potential problem
associated with applying biochar in the form of a column might be agglomeration of biochar
particles due to their surface electrostatic charge which can adversely affect backwashing
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procedure, which needs farther investigations. By immobilizing nZVI on HBC, producing
HBC/nZVI, a composite reactive material for chemical degradation of TCE was obtained which
can limit the secondary contamination associated with adsorption mechanism. In addition,
HBC/nZVI be considered as an alternative option for using AC/nZVI since biochar is a low-priced
adsorbent produced from forestry and agricultural residues.
This dissertation introduced novel efficient materials to be used for water treatment by
employing practical modification procedures on two commonly used carbon-based adsorbents.
Future studies can investigate the efficiency of the introduced materials in real contaminated
waters to examine the effects of background ions on adsorbents’ efficiencies. Application of the
introduced modified adsorbents for the removal of other heavy metals and chlorinated
hydrocarbons from contaminated groundwaters, wastewaters, and drinking water can also be
investigated.
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